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ABSTRACT

Fourman, Cody. M.S. Department of Chemistry, Wright State University, 2020.
Targeting Oncogenic K-Ras and Monoamine Oxidase B utilizing Chalcones bearing the
3,4,5-Trimethoxy Motif

Oncogenic K-Ras is a driver protein found in specific cancers and was once
thought to be “undruggable.” However, recent advances have suggested that
mislocalizing K-Ras from the plasma membrane could be a viable strategy to target these
cancers. The objective of this project was to identify a lead compound and determine a
structure-activity relationship from chalcones bearing the 3,4,5-trimethoxy motif towards
oncogenic K-Ras and MAO-B. This was accomplished by keeping the trimethoxy group
consistent on one ring while varying the electron-donating or -withdrawing groups on the
opposite ring. Previous work showed chalcones of this specific archetype exhibiting
indiscriminate MAO inhibition, which justified testing trimethoxy chalcones for MAO-B
inhibition as well. Structures were identified via 1H and 13C NMR and melting point
comparison (where appropriate), and trends observed were based on activity and the type
of functional group present in concert with the trimethoxy pharmacophore. It was
determined that the lead compound 41 showed the highest K-Ras mislocalization and
inhibited cell growth of pancreatic and lung cancers selectively bearing oncogenic K-Ras.
Despite difluoro chalcones 50 and 56 showing prominent activity, it was realized that
iii

trimethoxy chalcones possessed more consistent activity when paired with electrondonating groups. While the trimethoxy group showed poor MAO-B inhibition overall,
promising activity was observed with the 2,6-difluoro motif, and a follow-up analysis
confirms that fluorinated functional groups play a massive role in MAO-B inhibition. In
summation, the 3,4,5-trimethoxy pharmacophore shows potential as an effective
archetype for oncogenic K-Ras but not MAO-B, and difluoro substitution patterns
warrant further exploration for both targets.

iv
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INTRODUCTION
I.

Small Scale Drug Discovery
Perhaps the most pervading element in the paradigm of drug discovery is the

identification of a lead compound, a structure that has potential to be therapeutically
active toward a particular disease state but is currently suboptimal and would require
further optimization. 1 Common approaches include drug repurposing, where currently
approved drugs are tested for new biological targets, 2 and high-throughput screening,
where thousands (if not millions) of low molecular weight compounds are tested against
the target of interest, in hopes of generating hits.1 Each of these techniques have their
own unique advantages: drug repurposing eliminates the necessity of advanced synthetic
techniques as well as extensive toxicity studies,2 and high-throughput screening allows
quick identification of active molecular structures. These approaches offer great starting
points for lead compound determination for pharmaceutical companies as well as
university-based drug discovery programs.
For medicinal chemistry programs at smaller universities, these common
approaches to lead compound identification may not be feasible: drug repurposing lacks
patent protection and does not encourage derivatization for more optimal activity, 2 while
high-throughput carries a large financial burden in both the
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synthesis, storage/retrieval, and screening of thousands of compounds. 1 In lieu of these
techniques, it becomes more attractive for a small medicinal chemistry program to use a
smaller, more focused library of compounds that have a high chance of generatin g hits.
To accomplish this, said programs would need to employ what are known as “privileged
scaffolds,” or a class of compounds that share a similar molecular skeleton and are
capable of binding to multiple ligands at once. 3, 4 Using a privileged scaffold offers the
advantage of using multiple mechanisms of action to potentially yield the necessary hits
for lead compound identification. Of course, this also bears a natural disadvantage of not
necessarily knowing which mechanisms are employed when activity is observed.

Figure 1: Chalcone molecular structure, with Rings A and B and numbering scheme
explicitly shown (X = C or N).
The Ketcha group at Wright State University utilizes the chalcone privileged
scaffold for indications ranging from imaging to the treatment and diagnosis of cancer,
Parkinson’s disease, and Alzheimer’s disease. As shown in Figure 1, chalcones are 1,3diaryl-2-propen-1-ones that consists of two aromatic rings A and B linked by an α,βunsaturated carbonyl system. These chalcones have been shown to exhibit a wide variety
of biological activity, ranging from anti-cancer, anti-inflammatory, anti-mitotic, antibacterial, anti-oxidant, anti-leishmanial, among others. 5 Chalcones offer numerous
advantages in addition to their inherent activity. With two aromatic rings on the structure,
2

the diversification possibilities of chalcones are near limitless since there are available a
wide variety of each of the affordable requisite starting materials (e.g., substituted aryl
methyl ketones and benzaldehydes). In addition, the base-catalyzed Claisen-Schmidt
condensation leads to a facile synthetic procedure. Due to the aforementioned
advantages, chalcones have proven to be an effective privileged scaffold for lead
compound determination.
II.

Objective
The goal of this project was to identify a lead compound (if possible) as well as

develop a structure-activity relationship (SAR) from a small repository of chalcones
bearing the 3,4,5-trimethoxyphenyl motif for two separate biological targets. One such
target is oncogenic K-Ras, a driver protein for pancreatic ductal adenocarcinoma (PDAC)
and non-small cell lung cancer (NSCLC). 6 The other target involved monoamine oxidase
B (MAO-B), an enzyme whose inhibition works as an effective treatment for Parkinson’s
disease.7 If activity was observed for either or both targets, it was anticipated that by
analyzing trends between the biological activity associated with each chalcone and their
respective functional groups should yield the identification of the sought-after lead
compound.
III.

K-Ras Background
i.

Historical Relevance
It was in the mid- to late-1960s when a breakthrough was discovered in the field

of animal studies: retroviral oncogenes capable of transforming normal cells into sarcoma
cells were isolated and identified in two different strains of rat.8, 9 They were
3

consequently given the name RAS due to their ability to generate rat sarcomas.10 About a
decade later, it was found that non-viral RAS genes are present in mammalian cells, and
they encode proteins in the cell that bind to guanosine triphosphate (GTP, 1) and serve a
vital role in cellular function.10 When transforming RAS oncogenes were discovered in
human tumor cells in 1982, all the prior research surrounding RAS and their encoded Ras
proteins coalesced into the cancer research that is being done in the present day. 10 To
better understand its relation to cancer and the difficulties in targeting their oncogenic
mutants, a deeper insight regarding the biology of Ras proteins is necessary.

ii.

Ras Biology
The Ras family of proteins are GTPases that are used in cells for wound healing

and tissue repair, as well as the regulation of cell cycle and migration. 11, 12 These proteins
exist in three ubiquitous isoforms: H-Ras, N-Ras, and K-Ras.11 It should be noted that KRas exists as splice variants at the fourth exon which can be denoted as K-Ras4A and KRas4B.11 Each of these isoforms are 188 amino acids in length, and their polypeptide
sequence can be categorized into two main regions. 11 The first main region is known as
the G domain, where approximately 90% of the homology is shared between the three
isoforms.11 The second region has the most variance between the isoforms, called the
hypervariable region (HVR). 11 In this particular region, the four terminal amino acids are
4

known as the -CAAX motif, as each isoform shares the same sequence of cysteine, two
aliphatic amino acids, and either serine or methionine.11

Figure 2: Ras activation cycle.

A simplified diagram expressing how the Ras proteins alternate between their
“active” and “inactive” states can be seen in Figure 2. Ras bound to GTP are considered
to be in the active state and can interact with their downstream effectors. 13 Ras can then
hydrolyze GTP to guanosine diphosphate (GDP, 2), transitioning it to the inactive state;
however, this essential cellular process takes an exorbitant amount of time
(approximately 17 hours) to complete.13, 14 GTPase activating protein (GAP) is able to
diminish the timescale for GTP hydrolysis to less than a second.15 GDP is then
relinquished with the assistance of guanine nucleotide exchange factor (GEF), allowing
5

Ras to bind to another nucleotide.15 While it is possible that unbound Ras can nonselectively bind to either GDP or GTP, it is statistically more probable that GEF allows
Ras to release GDP and bind to GTP, as GTP concentrations are about 10-fold higher
than that of GDP. 16 Normal, non-cancerous cells are generally Ras-inactive (bound to
GDP), accounting for >70% of the Ras proteins in any given cell.13 Once Ras is bound to
GTP, it is then capable of binding to one of many different downstream effectors such as
the MAPK, PI3K, or RalGEF pathways. 12 This allows for Ras to carry on the
proliferation and maintenance functions necessary for the cell. 12 However, Ras can only
activate these pathways when it is predominantly bound to the inner leaflet of the plasma
membrane (PM), so specific modifications will be necessary for Ras to bind to the lipid
bilayer.17

Figure 3: Ras post-translational modification pathway
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The series of posttranslational modifications that Ras undergoes to migrate to the
PM are highlighted in Figure 3. Ras proteins begin their life in the cytosol, where
farnesyl transferase (FT) first adds a lipophilic farnesyl chain to the thiol of the -CAAX
motif cysteine. 11 Once Ras receives its farnesyl tail, it is transported to the endoplasmic
reticulum (ER) to continue further posttranslational modifications at the -CAAX motif.11
From there, Ras converting CAAX endopeptidase 1 (Rce1) then cleaves the three
terminal -AAX amino acids, and the newly-terminal cysteine is then methylated by
isoprenylcysteine carboxyl methyltransferase (Icmt) to neutralize the anionic charge. 11
This comprises the first phase of modifications necessary for Ras-PM association, but
Ras may need to undergo a second phase of modifications before it can anchor itself onto
the PM.18

7

Figure 4: Ras isoform modifications for stability on the PM, shown in red and blue.
The types of additional modifications necessary for Ras-PM stability are isoformdependent, as illustrated in Figure 4. For the case of H-Ras, N-Ras, and K-Ras4A, these
proteins are transported to the Golgi apparatus, where they gain palmitoyl fatty tails on
additional cysteines in their respective HVR (shown in red).11 K-Ras4B, simply referred
to as “K-Ras” moving forward, does not possess any additional cysteines in its HVR; in
actuality, K-Ras does not require any kind of secondary modifications.18 K-Ras has six
consecutive lysine residues (shown in blue), labeled the “polybasic domain,” which
allows K-Ras to interact with acidic phospholipids in the PM via electrostatic gradient. 11
Once Ras is stabilized to the PM, it is then capable of carrying out each of its cellular
functions.

8

iii.

Ras Mutations and Cancer

Figure 5: Mutated Ras activation cycle.

Ras mutations typically occur at specific codons that can hinder its hydrolytic
processes. Mutations commonly occur at codons 12 or 13, which provide steric hindrance
for GAP-mediated GTP hydrolysis, or at codon 61, which prevents H-bonding
coordination that is necessary for GTP hydrolysis. 19 Either mutation results in Ras being
unable to hydrolyze GTP, locking it into the active conformation and preventing its
transition to the inactive state, as shown in Figure 5.12 This overexpression of signaling
for cell proliferation, survival, and migration can lead to oncogenesis. 12, 13 Indeed, it is
estimated that roughly 20% of all newly-diagnosed cancer patients will possess some
type of Ras mutation, accounting for over 3 million new cases a year worldwide. 20 K-Ras
is the most common, with 75% of Ras mutations in cancer being attributed to this specific
isoform.20 Oncogenic K-Ras is found in approximately 95% of all pancreatic, 45% of all
9

colorectal, and 35% of all lung cancers, being three of the five most lethal cancers in the
United States.13, 21 Additionally, NSCLC accounts for up to 90% of all lung cancer cases,
and is the global leader in cancer deaths. 22 The cancers associated with oncogenic K-Ras
are also typically resistant to current strategies such as chemotherapy.23 And since
combinatorial chemoradiotherapy is a poor method of treatment for NSCLC, 22 targeting
K-Ras would appear to be a viable strategy in the treatment of these recalcitrant cancers.
Unfortunately, as of now, there is no current K-Ras therapy available in clinic. 24 In fact,
for about 30 years, K-Ras was long thought to be “undruggable.” 13
Ras mutations were first discovered in human cancers in 1982, and early attempts
to target them involved blocking the GTP-binding site, analogous to how kinase
inhibitors block the ATP-binding site of various proteins of interest. 10 Despite
micromolar concentrations of GTP in mammalian cells, Ras has a picomolar affinity,
which led to the inevitable failure of GTP agonists. 10, 25 Once the post-translational
modifications were discovered in 1989, Ras targeting efforts shifted to blocking FT,
theoretically preventing Ras from localizing onto the PM and providing signaling to the
cell.10 However, in the absence of a farnesyl group, K-Ras (and additionally N-Ras) can
be alternatively geranylgeranylated and can continue its activity, resulting in another
failure in targeting Ras. 13 Efforts to simultaneously block FT and its counterpart
geranylgeranyl transferase, or targeting other enzymes in the post-translational
modification sequence (Rce1, Imct, etc.), proved to be too toxic. 13 It was at this point in
time that targeting Ras became isoform-specific, with K-Ras being at the forefront of Ras
research. However, due to K-Ras lacking any sort of deep, hydrophobic pocket necessary
for small molecule binding, it was deemed by some as an “undruggable” target. 13
10

iv.

Targeting K-Ras
As part of the “Ras Initiative” from the National Cancer Institute in 2013, 14 new

strategies have emerged in the effort to target oncogenic K-Ras. These methods vary
widely in approach, from inhibiting downstream effector pathways to directly binding to
mutant K-Ras.13 One interesting strategy involves targeting the association between
oncogenic K-Ras and the PM.17 Of the many ways to target this association, most aim to
weaken the electrostatic gradient between the polybasic domain of K-Ras and
phosphatidylserine (PS), an anionic phospholipid typically found on the inner leaflet of
the PM.6, 17 This can be done by depleting the amount of PS available on the PM or by
phosphorylating K-Ras near the polybasic domain; in either approach, K-Ras loses its
point of stability and is thereby mislocalized from the PM, resulting in the inability to
bind to downstream effectors and an overall decrease in activity. 6

Phosphorylation of K-Ras can only occur at specific amino acid residues, such as
serine 171 (Ser171), serine 181 (Ser181), or threonine 183 (Thr183), though only Ser181
phosphorylation leads to PM mislocalization. 26 Drugs such as metformin (3) and
sildenafil (4) have found success with K-Ras phosphorylation and mislocalization via
activation of the AMPK pathway, and they have been shown to inhibit the growth of
11

tumors bearing oncogenic mutant K-Ras.17 Another strategy for K-Ras phosphorylation
is the activation of protein kinase C (PKC). 26 PKC is a 10-membered family of kinases
that regulates other proteins by phosphorylating hydroxyl side chains of either serine or
threonine.27 The member associated with oncogenic K-Ras is PKCδ, which plays an
apoptotic role in cells. 28 Activating PKCδ has been found to phosphorylate oncogenic KRas at the Ser181 position, translocating it to the mitochondria and inducing apoptosis in
the cancer cell.26 This suggests that phosphorylating oncogenic K-Ras can serve as a
viable mechanism of action for anti-K-Ras drugs.
v.

Chalcones as Anti-K-Ras Agents

Recent advances in K-Ras research have indicated that chalcones are a promising
class of compounds for cancer lines possessing oncogenic K-Ras. Previous work studied
a class of tetralone-indolyl chalcones (e.g., 5) on A549, a NSCLC line that possesses
oncogenic K-Ras.29 In this work, they found that these chalcone derivatives were
effective towards the inhibition of A549, but interestingly (in light of this work) a
chalcone bearing the 3,4,5-trimethoxy motif on Ring B (e.g., 6) was ineffective towards
A549 altogether.29 However, it should be noted that A549, while possessing oncogenic
K-Ras, is not considered “K-Ras addicted,” wherein proliferation of a cell line has an
inverse relationship with the amount of K-Ras being depleted. 30 Because targeting K-Ras
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would not have inhibited A549 growth, the mechanism of action for the tetralone -indolyl
chalcones must be K-Ras-independent.

Another group found that chalcones 7 and 8 exhibited selective activity towards a
K-Ras-addicted colorectal cell line via inhibiting metastasis and inducing apoptosis. In
addition to the discovery of these two active compounds, the authors also developed an
SAR from the 14 chalcones tested. In summation, increased activity was observed when
utilizing a sulfonylmethyl group on Ring A (such as 7) when compared to a thiomethyl
group. Similarly, incorporating a heterocyclic Ring B such as the benzothiophene shown
in 8 also greatly improved activity. The methoxy groups present also played a crucial role
in cancer cell inhibition: the 2,5-dimethoxy group on 7 showed more inhibition when
compared to a mono 2-methoxy group. The authors also make the claim that the
dimethoxy group is also more active than the trimethoxy motif, and the data does seem to
confirm this correlation; however, it is important to clarify that this might be due to the
ring placement of the methoxy groups. It is correct that chalcones with the 2,5 -dimethoxy
group perform better than those bearing the 2,4,6-trimethoxy group towards colorectal
cancer, but that may not be necessarily true for other trimethoxy substitution patterns. In
fact, out of the five benzothiophene chalcones tested, the most active also possessed the
3`,4`,5`-trimethoxy group on Ring A. This suggests that 3,4,5-trimethoxy motif could
13

actually prove to be an effective pharmacophore for targeting oncogenic K-Ras. An
important takeaway from this SAR analysis is the level of nuance each functional group
possesses toward biological activity; simply replacing groups on the chalcone is not
enough to notice a definitive trend for activity, as their placement on either Ring A and B
can have markedly drastic effect on the target of interest, such as K-Ras.31
IV.

MAO-B Background
vi.

Distinctions between MAO-A/B
Monoamine oxidase (MAO) is an outer mitochondrial enzyme that modulates

both biogenic and dietary monoamine compounds. 32, 33 As such, MAO activity is
responsible for regulating conditions such as migraines, mood disorders, anxiety,
schizophrenia, ADHD, Alzheimer’s disease, and Parkinson’s disease.34 In 1968, it was
found that MAO exists as two different isoforms: MAO-A and MAO-B, which are
respectively 527 and 520 amino acids in length, and share approximately 70% homology
between them.34, 35 Figure 6 shows a 3D X-ray model of a human MAO-B enzyme (PDB
ID: 6FWC).36 Where these isoforms differ in structure occurs at their active sites, which
discriminates amongst the type of amine substrates each one preferentially regulates. 34, 35
Figure 7 shows that while both isoforms have equal affinity for dopamine (9) and
epinephrine (10), MAO-A is more suited for breaking down serotonin (11) and
norepinephrine (12), whereas MAO-B is more adept at metabolizing benzylamine (13)
and phenethylamine (14).7, 37 Differences also arise in terms of distribution; despite both
isoforms being ubiquitously expressed throughout the body, MAO-A is heavily
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concentrated in the intestinal tract, while MAO-B accounts for 80% of all monoamine
oxidase found in the brain.7, 34

Figure 6: MAO-B enzyme model. Key amino acid residues and the site of catalysis are
shown in cyan and yellow, respectively.

15

Figure 7: Substrate specificity for MAO-A/B

vii.

MAO-B Active Site
Understanding the structure of the active sites of MAO-A and MAO-B can offer a

better perception of the inner workings of the enzyme, as well as the specificities for the
monoamine substrates. While the active site for MAO-A is simply one large cavity of
about 500 Å3 in volume,38 the active site for MAO-B is split into two distinct cavities: the
substrate binding cavity and the entrance cavity, which are 420 Å 3 and 290 Å3 in volume,
respectively. 37 These two cavities are separated by side groups of amino acids Tyr326,
Ile199, Leu171, and Phe168, which are referred to as “gating residues”. 37 These residues
are capable of rotating and merging the two cavities for a combined volume of
approximately 700 Å 3.38 Figure 8 features the gating residues that separate the two
cavities. Within the substrate binding cavity, there are three important residues that are
essential for enzyme activity. Two of these residues, Tyr398 and Tyr435, are components
16

of the “aromatic cage” (Figure 9), which is used to stabilize the aromatic part of the
substrate, helping the enzyme recognize the amino group in the process.37 The third
residue shown in both Figure 8 and Figure 9 is the flavin adenine dinucleotide (FAD),
the catalytic portion of the enzyme.33

Figure 8: The gating residues (cyan) between the entrance cavity and the substrate
binding cavity, shown in the open conformation relative to the FAD (yellow).
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Figure 9: The aromatic cage of MAO-B (cyan) relative to the FAD (yellow).

Despite having different active site cavities, what remains the same between
MAO-A and MAO-B is the FAD, which is capable of oxidizing monoamines into their
corresponding aldehydes.33 The core structure of the FAD is shown in Figure 10. Upon
entering the substrate binding cavity, the monoamine substrate interacts with the FAD
and is subsequently oxidized to an imine intermediate, resulting in a reduced FADH 2.34
From there, the imine is hydrolyzed to yield the corresponding aldehyde (and
subsequently to a carboxylic acid) with residual amounts of ammonia as a byproduct. 33, 34
Consequently, FADH 2 is then re-oxidized by cellular O 2 to generate hydrogen peroxide, a
common source of radical oxygen species (ROS). 33, 34
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Figure 10: FAD core molecular structure and numbering scheme.

viii.

MAO-B Catalysis Mechanism

Even though this redox reaction is well-documented, the precise mechanism as to
how this occurs has been under scrutiny. 39, 40 Initially, it was theorized that the
mechanism of action was carried out through a single-electron transfer from the amine
nitrogen to the FAD. 39 In this supposed mechanism, the single electron eventually gets
transferred to neighboring side chain amino acids, such as cysteine.39 Its validity as a
mechanism came into question when a lack of amino acids capable of harboring radical
species were located near the main binding site, in addition to a lack of radical species
determined spectroscopically. 39
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Figure 11: MAO-B deamination using A) hydride transfer and B) nucleophilic attack
mechanisms.
The current working model for the MAO mechanism involves two separate
modes of action depending on the substrate that is bound in the enzyme, as observed in
Figure 11. A group from the University of Chile found that when 15 and 16 were used as
substrates for MAO-B, a hydride transfer from the substrate to the FAD was the preferred
mechanism of substrate oxidation. In this mechanism, nitrogen 5 (N5) of the FAD
removes a hydride ion from the amine substrate (i), which results in an anionic N1 on the
FAD and an iminium substrate (ii). However, when p-nitrobenzylamine (17) was the
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substrate, the mechanism observed follows that of Figure 11B, where the FAD carbon 4a
(C4a) undergoes a nucleophilic attack from the amine substrate while N5 abstracts a
proton from the substrate (iii). The zwitterionic substrate alleviates the adjacent charges
by forming a double bond, breaking the bond formed by the substrate and the FAD (iv).
The end result is the same, with an anionic N1 and an iminium substrate (v).40
The possible explanation for the different mechanisms observed could be due to
the aromatic cage: it is thought that this region of the active site provides inductive
effects towards the substrate’s amine nitrogen to promote hydride abstraction. Given that
17 would experience repulsive interactions in the aromatic cage, it would affect the
orientation of the substrate in the binding site and therefore make the hydride transfer
unfavorable. This interaction allows 17 to be closer to the FAD N5 than either 15 or 16,
and this distance between the substrate and the FAD actually dictates the mechanism that
the enzyme uses to oxidize monoamine substrates. The distance between the substrate
and the FAD alters the interaction between the H-bond network between N5, Lys296, and
a conserved water molecule (shown in Figure 12), which determines the resulting
mechanism of action. When the substrate is farther away from the FAD, such as the case
with 15 or 16, the water molecule and Lys296 are further extended from the FAD,
resulting in a more electrophilic environment, making hydride transfer more favorable.
Similarly, when the substrate is closer to the FAD, like the case for 17, the preferable
route results in a polar nucleophilic attack on carbon 4a adjacent to N5. Depending on the
substrate bound to the enzyme, MAO-B utilizes one of these mechanism for catalysis.
Unlike the substrate-specific mechanisms for MAO-B, MAO-A has a completely
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different electrostatic environment and exclusively favors a polar nucleophilic attack for
deamination. 40

Figure 12: H-bond system between the FAD and Lys296 (blue) with a conserved
water molecule (red).
Knowing the inner workings of MAO catalysis can yield a better understanding of
the diseases associated with them. Because of the substrate specificities between the two
MAO isoforms, it is no surprise that each one is associated with different disease states.
However, each of the diseases associated with MAO involve either an overexpression of
enzymatic activity or depleted levels of catecholamines; in both cases, inhibition of MAO
remains as a key focus of treatment. Inhibiting MAO-A is commonly used for treating
depression and anxiety, while inhibiting MAO-B is a viable strategy for treating
Alzheimer’s and Parkinson’s disease. 7, 32 Since this project aims to develop chalcones
that can be used as a treatment for Parkinson’s disease, MAO-B inhibition is the
preferred activity to be ascertained.
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ix.

Parkinson’s Disease Background
Parkinson’s disease (PD) was first documented by James Parkinson in 1817, and

it was originally associated with symptoms similar to that of a shaking palsy. 41, 42 It was
not until the disease was given its own name in 1868 when it was discovered that despite
the symptomatic tremors, patients were generally not weak and retained their overall
strength, separating this disease from shaking palsy or paralysis agitans. 41 PD is now
categorized into two different subtypes: tremor-dominant and non-tremor dominant.42
The tremor-dominant subtype is characterized by the lack of fine motor skills, while the
non-tremor dominant form of the disease is known for instability in posture and rigidity
of the body, and diagnosis is usually made based on these symptoms.42 Other prodromes
include sleep disorders, cognitive impairment, autonomic dysfunction, etc. 42 It is
estimated that the rate of diagnosis for PD will increase by 50% by 2030, making it
imperative to understand the inner workings of the disease state so that it may be
effectively treated or cured. 42

The symptoms of PD can be attributed to the degradation of the dopaminergic
neurons of the substantia nigra, part of the basal ganglia. 41, 42 This is the main reason for
the loss of fine motor skills, and remains as the target for treatment for PD. Initial
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treatments in the early 19 th century involved bloodletting and stuffing blisters with cork
in an effort to “reduce inflammatory pressure in the brain”.41 While these treatments were
seemingly cruel in nature, the intention now is believed to have some merit. Due to the
fact that non-steroidal anti-inflammatory drugs (NSAIDs) and calcium channel blockers
reduce the risk for PD, it is now theorized that neuroinflammation and oxidative stress
may play an intrinsic role in the disease. 42 The first well-documented case of treatment
for the disease involved the use of known anticholinergic belladonna alkaloids such as
atropine (18).41 Combinatorial treatment involving (more humane) physical therapy and
anticholinergic drugs persisted through the 20th century.41 Around the 1950’s, the
hypothesis that dopamine depletion may be a leading factor for PD was developed, and in
1961, the dopamine precursor levodopa (ʟ-Dopa, 19) was first used as a form of
treatment.41 Almost immediately, short-term benefits to levodopa treatment were
observed: patients were able to stand, walk, and run with ease, and issues with rigidity
and bradykinesia were quelled.41

Levodopa was chosen to aid in replenishing dopamine levels in the substantia
nigra of patients with PD as a way to alleviate symptoms of the disease. With knowing
that the blood-brain barrier (BBB) is lipophilic in nature, it is surprising to know that the
more polar levodopa is capable of crossing while the less polar dopamine cannot. This is
due to the human body possessing an amino acid carrier protein that is capable of
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transporting levodopa but not dopamine across the BBB.7 From there, levodopa can be
converted to dopamine via dopa decarboxylase, and then get further oxidized by
encephalic MAO-B to 3,4-dihydroxyphenylacetaldehyde (20).7 However, while levodopa
provides relief in the short term, the treatment method is not perfect, and difficulties arise
in long-term treatment. For example, after significant progression of the disease,
levodopa in high doses can cause dyskinesia, or involuntary muscle movement. 7, 42 And
while levodopa does not offer relief for nonmotor symptoms like dementia, it has been
suggested to be neurotoxic for dopaminergic neurons in the brain. 7 In order to provide
effective treatment for parkinsonian symptoms, another alternative needs to be
considered to either replace or enhance the benefits of dopaminergic therapy while
minimizing the side effects.
x.

MAO-B Inhibitors as Treatment for PD
MAO-B inhibitors have been proven to be an efficacious addition to the

dopaminergic therapy for parkinsonian treatment. Several reasons exist as for why MAOB inhibitors should be included, but perhaps the most important motive is to minimize the
synthesis of 20, resulting in higher concentrations of dopamine in the brain for longer
periods of time. 7 In addition, because dopamine retains a longer half -life due to MAO-B
inhibition, this also reduces the amount of H 2O2 that is generated, thereby lowering the
overall oxidative stress. 7, 33 While MAO-B inhibitors only exhibit moderate activity,
pairing them with levodopa provides a more effective treatment method for the moto r
symptoms for PD. 42 This is extremely advantageous given the fact that MAO-B
expression begins to increase after a person’s 60th birthday,32 roughly around the age
where the motor symptoms of PD begin to appear. 42 It has also been theorized that MAO25

B inhibitors, unlike levodopa, have a neuroprotective effect on dopaminergic neurons,
making this treatment option less about treating symptoms and more about modifying
disease activity. 7

The first documented MAO inhibitor was iproniazid (21) in 1958, later replaced
by phenelzine (22) due to undesirable hepatotoxic effects.33, 43 These drugs were used as
antidepressants, but were unknowingly non-selective, meaning they non-preferentially
targeted both isoforms of the enzyme.33 Because of this, patients being treated with these
drugs experienced side effects such as hypertension, headaches, nausea, and tachycardia. 7
These adverse effects were due to high levels of tyramine (23), an exogenous trace amine
commonly found in fermented foods such as cheese and other dairy products. 7 While
either form of MAO is capable of breaking down tyramine, inhibiting both results in an
excess buildup, causing the aforementioned symptoms appropriately termed the “cheese
reaction”.7 As mentioned earlier, MAO-A has a higher distribution in the intestinal tract, 7
so from the perspective of treating Parkinson’s disease, this discovery prompted the
necessity for high selectivity for MAO-B with little to no activity towards MAO-A in
order to treat parkinsonian symptoms.
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With this under consideration, the first selective MAO-B inhibitor used for PD
was selegiline (24), a propargyl amphetamine derivative. 7, 43 Initial trials showed mixed
efficacy, and issues arose in terms of metabolism: in vivo, selegiline breaks down into ʟamphetamine (25) and ʟ-methamphetamine (26), both of which can inhibit dopamine
transport, increase oxidative stress by being vulnerable to further oxidation, and cause
side effects such as loss of appetite and insomnia. 33 In addition, higher doses of 24
administered to patients caused adverse “cheese reactions,” suggesting that selectivity
towards MAO-B is lowered at higher concentrations.7 To optimize the selectivity and
minimize the side effects, the more widely used rasagiline (27) was introduced as another
MAO-B inhibitor that lacks neurotoxic metabolites at the sake of lower potency. 33 And
unlike 24, in which case it was unclear whether the treatment provided only symptomatic
relief or not, 27 was shown to actually modify the course of the disease. 7 When
comparing their interactions with MAO-B in computational models, 27 boasts four times
as many H-bonding sites but has overall less binding affinity than 24.33 This is in part due
to the general length of the molecule: because 24 is longer than rasagiline, it is capable of
merging the two cavities of MAO-B by rotating the gating residues into the open
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conformation, highlighting the importance of longer molecules improving MAO-B
inhibition.33, 38

Figure 13: FAD irreversible binding mechanism

One common trait shared by 24 and 27 is their shared reaction to MAO-B. Both
of these inhibitors possess a terminal C≡C alkyne and are deemed “irreversible”
inhibitors.7 The role of the propargyl functional group in these inhibitors is to create a
covalent bond between the inhibitor itself and N5 of the FAD, 44 and recent developments
have allowed a better understanding of the mechanism of action.33 Figure 13 shows a
mechanistic diagram of how 24 and 27 bind to the enzyme. The reaction for irreversible
MAO-B inhibition begins by spontaneous hydride transfer from the α-carbon to N5 (i),
resulting in an FADH - and a positively charged species (ii).33 These two oppositely
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charged entities then form an adduct, wherein C4a binds to the γ-carbon, and the
propargyl group shifts to an allene (iii).33 The reaction continues to be exergonic in
nature, allowing for the H + shift from N5 to the central allene β-carbon (iv) and the
formation of a strained three-member ring between C4a, N5, and the γ-carbon (v).33 From
there, the final step involves breaking the bond between C4a and th e γ-carbon, resulting
in the final product (vi).33 This reaction completely renders the FAD incapable of
oxidizing monoamines, effectively inhibiting MAO-B catalysis.

In the never-ending process of optimizing drugs for higher activity or better safety
profiles, there is something to be said about the irreversible mode of binding that both 24
and 27 employ. Even after treatment has been terminated, MAO-B covalently-bound to
an irreversible inhibitor has no functional activity, and the half-life of new MAO-B
generation is approximately 40 days. 45 While this is not indicative of any deleterious side
effects, medicinal chemists and drug companies alike have begun to express more interest
in reversible MAO-B inhibition; in this way, activity is able to cease upon termination of
treatment.44 This is seen in clinically approved reversible MAO-B inhibitors such as
lazabemide (28) and safinamide (29), both of which lack the terminal alkynes seen in the
irreversible inhibitors. 38, 46 However, reversibility and potency have become mutually
exclusive for clinically available MAO-B inhibitors.34 Determining future candidates for
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MAO-B inhibition should preferentially combine both qualities of augmented potency
and reversible binding.
xi.

Chalcones as MAO-B Inhibitors

MAO inhibition was first identified in chalcones and similar derivatives isolated
from licorice roots in 1987 (e.g., 30 and 31).47 It was found that chalcones, due to having
a low polar surface area, are easily capable of passing the BBB, 46 and they generally have
higher selectivity toward MAO-B over the -A isoform.44 Additionally, all activity
associated with these chalcones were relinquished upon removal of the double bond,
proving to be a key feature for activity.47, 48 That being said, the chalcone structure has
proven to be a viable scaffold for MAO-B inhibition.
In terms of how these chalcones interact with the active site of the enzyme, it was
found that the core structure is capable of aligning itself so that Ring B is nestled within
the aromatic cage, and the C=O carbonyl of the chalcone participates in H-bonding with
Cys172.38, 49 Due to this, Ring A is left to interact with the FAD, and the placement of the
functional groups play a large role in activity: generally, substituents in the 2`-position
exhibited overall lower activity, thought to be due to steric interactions between the 2`functional group and the carbonyl, disrupting the C=O-Cys172 interaction and potentially
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altering the planarity of the molecule. 49 Groups that were located in the 3`- or the 4`position did not disrupt this interaction and showed much higher activity as a result. 49
These chalcones also do not create any covalent bonding to the FAD, underscoring the
reversible mode of binding that these chalcones possess.

To optimize the MAO-B inhibition profile, several groups have tested derivatives
of the initial licorice root chalcones, and noticeable SAR trends have been defined as a
result. For example, one group initially claimed that activity and selectivity towards
MAO-B requires hydroxy or methoxy motifs at the 2`- or 4`-position of Ring A coupled
with a halogen group on Ring B (such as 32).32 Though it was later discovered that
groups at the 2`-position were a detriment to their MAO-B inhibition,48, 49 the general
trend of chalcones having ED groups on Ring A with EW groups on Ring B has stayed
mostly consistent with the literature. Replacing the Ring B chloro group in 32 with a
much more electronegative and lipophilic trifluoromethyl group improved overall MAOB inhibition, despite only having one methoxy group on the 3`-position of Ring A (e.g.,
33).46 However, it should not be implied that placement on the ring plays no role in the
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activity of the chalcone: the trifluoromethyl motif on 33, when placed on the 2-position
rather than the 4-position of Ring B (e.g., 34), further augmented the inhibitory activity
toward MAO-B.50

Though it has been heavily suggested that ED groups on Ring A and EW halogen
groups on Ring B are paramount for selective MAO-B inhibition, recent developments
have challenged this idea and revealed new insight on the SAR of chalcones and MAO
inhibition. For example, the chalcone bearing the ED 4-dimethylamino group on Ring B
and the 4`-methoxy group on Ring A (e.g., 35) showed more inhibitory activity than
those bearing halogen groups on Ring B, such as 33 and 34.44 This is supported by a
separate study that found chalcones possessing the dimethylamino functionality on Ring
B with halogen groups on Ring A also showed prominent MAO-B inhibition (e.g., 36).38
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Thienyl and furanochalcones (such as 37 and 38) are good examples of successful
heterocyclic substitutions onto chalcones to improve MAO-B inhibition.48, 51 However,
some functional groups can significantly alter the chalcone’s inherent selectivity towards
MAO-B. For instance, replacing the dimethylamino group in 35 with a nitro group (as in
the case of 39) removes the overall selectivity of the chalcone.44 Additionally, the 2,4,6trimethoxy motif seen in 40 shifted the activity exclusively towards MAO-A.38
V.

Previous Work
Prior research in the Ketcha lab involved collaborative efforts with the Cho lab at

Wright State University. The goal was to identify a lead compound toward oncogenic KRas using a small, non-biased library of chalcones 40-48. Because there was no prior
indication that chalcones would be effective towards oncogenic K-Ras at the time, a
shotgun approach of seemingly random compounds prepared by various group members
but possessing functional groups of significance in the area of cancer (broadly defined)
were chosen for the first round of analysis. This was deliberately done in the hope that by
evaluating a broad swath of chemical space about the scaffold, a hit in this phenotypic
screen might be discovered from which a lead compound might later be developed.
Kovar screened these chalcones against K-Ras mislocalization, and those that showed
activity were tested further against K-Ras-addicted cancers. 16
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Based on initial screenings of chalcones, it was determined that both 41 and 46
showed prominent activity towards K-Ras mislocalization on the PM. Phosphorylation of
K-Ras Ser181 was observed with 41 and 46 in a PKCδ-dependent manner. These
chalcones were also capable of inhibiting growth of K-Ras driven PDAC and NSCLC
lines in micromolar ranges. In addition, said chalcones did not target H-Ras or inhibit cell
lines that either did not require oncogenic K-Ras for growth or possessed normal or wild
type (wt) K-Ras, meaning that they were selective towards oncogenic K-Ras.16
Due to its higher activity towards K-Ras phosphorylation, 41 was chosen over 46
as the lead compound,16 especially in light of the previous findings that 41 exhibited anticancer, anti-inflammatory, and anti-oxidant activities.52 Moreover, it appeared that the
anti-K-Ras activity could be attributable to three functional groups between the two
active compounds: e.g., a nitro group common to both hits, the 3,4,5-trimethoxy group,
and the 2,6-difluoro moiety. Thus, these motifs would be of interest when developing
entities for future assays to further optimize activity. Some chalcones from this list (e.g.,
40, 42, and 43) were insoluble in the DMSO vehicle, so their activity could not be
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ascertained. While in the process of identifying the mechanism of these chalcones,
however, it was discovered that 41 also exhibits MAO inhibition while 46 is entirely
devoid of activity; however, this mechanism of action was found to be completely
independent of K-Ras mislocalization.16 This discovery led to the interest of exploring
the 3,4,5-trimethoxy group further, as no prior studies associate MAO activity to this
particular functional group.
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RESULTS & DISCUSSION
VI. Hypothesis
The objective of this research is to develop a detailed SAR for both oncogenic KRas and MAO-B with chalcones bearing the 3,4,5-trimethoxy motif. In doing so, various
electron-withdrawing (EW) and electron-donating (ED) groups were varied on Ring A
while keeping the trimethoxy pharmacophore consistent on Ring B. In addition to the
exploration of electronic properties of the various substituent groups, the effect of
functional group size was also explored. As stated earlier, there can be a significant
amount of change in activity based solely on the location of a particular functional group,
and for chalcones this is seen rather frequently, as swapping the ring in which certain
moieties are located can typically preserve reactivity towards biological targets. 53
Because of this, select “reverse analogues”, 53 i.e. the 3`,4`,5`-trimethoxy group on Ring A
(Figure 14), should be compared to confirm optimal ring placement for the trimethoxy
motif, thus warranting their inclusion in this study. Studying the effects of size,
electronics, and ring placement of varying functional groups should provide a reasonable
assessment of the SAR of 3,4,5-trimethoxy chalcones for both oncogenic K-Ras and
MAO-B.

Figure 14: Reverse analogs of 3,4,5-trimethoxy chalcones.
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Because the same set of chalcones are being used to investigate their activity
towards two entirely separate protein targets, the corresponding results should meet two
different sets of expectations. These speculations would encompass concepts regarding
the SAR of the 3,4,5-trimethoxylated chalcones towards their biological activity. Because
a gamut of ED and EW groups are to be explored, obvious trends should be notice able in
terms of K-Ras mislocalization or MAO-B inhibition. In addition, since reverse analogs
are also included, a discussion on whether or not the placement of the 3,4,5-trimethoxy
motif can dictate the activity towards the target of interest.
For the K-Ras mislocalization aspect of this research project, it was hypothesized
that chalcones with the highest activity would possess the 3,4,5 -trimethoxy motif on Ring
B coupled with EW groups on Ring A. The prior activity observed from 41 and 46
suggests that pairing the trimethoxy motif with similar EW groups should show some
degree of activity. This also includes heterocyclic rings such as pyridine whose electron deficient nature mimics that of an EW group on a phenyl ring. Though halogen groups
are not as deactivating as a nitro group, this could be remedied by introducing multiple
groups on the same ring (i.e., the synergistic effects of a Ring A difluoro derivative was
examined as a comparison to a mono-substituted fluoro group). Likewise, it is also
expected that ED groups on Ring A, including the 3`,4`,5`-trimethoxy motif from reverse
analogs, might exhibit overall poorer activity towards K-Ras mislocalization.
The expectations for K-Ras mislocalization are not necessarily mirrored for
MAO-B inhibition. For the MAO-B assay, it is still speculated that chalcones with EW
groups on Ring A (particularly lipophilic halogens) will have more inhibition than those
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with ED groups on Ring A, as it would bear the closest resemblance to the EW terminal
alkyne of 24 or 27. Though activity was found with 41, it is expected that its activity will
underperform that of its reverse analog. This is because the reverse analog of 41 (e.g., the
3`,4`,5`-trimethoxy group on Ring A and the 4-nitro group on Ring B) meets most of the
requirements for optimal MAO-B activity: ED methoxy groups on Ring A, and EW
group (though not necessarily lipophilic) on Ring B. In fact, when the nitro group on
Ring B is replaced by a difluoro substitution pattern, the activity is expected to rise.
VII. Trimethoxy Chalcone Design Considerations
Due to K-Ras being a rather evasive target, choosing the library of chalcones for
Ras inhibition proved to be a daunting task. Unlike MAO-B, where the role of chalcones
are well-documented in literature, there was no clear mechanism for how these
compounds might target oncogenic K-Ras in a PKCδ-dependent manner. To account for
this, chalcones with functional groups associated with a wide variety of activities in
literature were preferentially favored for this library of compounds. Chalcones bearing
the 3`,4`,5`-trimethoxy motif naturally lend themselves to anti-cancer properties (broadly
defined), as they are well-known for their anti-mitotic ability (inter alia) via cellular
microtubule destabilization.53-55 In addition, compounds with the 3`,4`,5`-trimethoxy
pharmacophore such as 8 had already shown to be effective towards colorectal cancer
bearing oncogenic K-Ras, offering reassurance that this functional group could offer
activity.31 While anti-mitotic activity was heavily associated with being on the A-Ring, so
as to avoid any possible confounds with K-Ras and microtubules, the lesser-explored BRing 3,4,5-trimethoxy analogues were chosen for screening. Table 1 documents all of the
compounds selected for this experiment.
38

Table 1: 3,4,5-Trimethoxy Chalcone Testing Library
Melting

Compound

Percent

Structure

Reaction
X log P

Point

Yield

Conditions

15341

27%

3.441

A

66%

3.084

D

62%

2.142

C

36%

3.801

C

67%

3.640

C

52%

4.277

A

72%

3.816

A

155°C

15349
154°C

15642
157°C

12450
126°C

9751
99°C

12552
127°C

12953
130°C

39

14054

47%

4.110

D

43%

3.441

B

67%

3.801

B

142°C

18955
190°C

5556
57°C

The first and perhaps most obvious choice for inclusion in this study is 41. As
mentioned earlier, this compound boasts wide-reaching biological activities, from anticancer to anti-inflammatory and anti-oxidant.52 Being the lead compound from the prior
K-Ras mislocalization assay, 16 41 effectively serves as a standard for the rest of the
compounds listed in Table 1. Additionally, since the observed MAO inhibition attributed
to 41 was non-specific,16 it is an interesting notion to explore whether its activity is
isoform specific, or if is inherently nonselective as the literature suggests. 44 Regardless,
41 has proven to be an effective starting point, and no SAR study on the trimethoxy motif
would be complete without its inclusion. 56
Incorporating the nitro group into drugs is met with hesitation in medicinal
chemistry planning considerations: despite their potency, they have been known to be
quite toxic in vivo, and they are capable of readily breaking down via bioreductive
pathways.57 Because of this, the justifiable concern was that 41, which contains the
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potentially reducible nitro group, may undergo in situ metabolic reduction during assay
trials, in which case the activity might then be attributable to the residual metabolites. To
address that concern, the reduced version of 41, that being the amino group on 49, was
included. In this way, the activity from 49 could indirectly verify the results of 41 and
determine if bioreduction truly plays an important role for oncogenic K-Ras inhibition.
Should both chalcones exhibit equal or similar activity, then it will be unclear whether 41
undergoes biological reduction in vitro or if these compounds are coincidentally equally
potent; however, in the case that 41 has higher activity, the logical deduction can be made
that if bioreduction is in fact occurring, it plays little to no role towards biological
activity.
The next compound to be included features a pyridyl heterocycle on Ring A (e.g.,
42), whose electron-deficient ring mimics that of an EW group on benzene. Having the
pyridine nitrogen at the ortho- position puts it in close proximity to the carbonyl of the
chalcone, making them ideal ligands for metal chelation. Because the mechanism for KRas mislocalization by our compounds is unknown, the idea of metal activation should be
considered, and 42 can assist in ruling out this possibility. If minimal activity is observed
from this chalcone, then it would be safe to assume that metal chelation is not necessary
for K-Ras phosphorylation. Also, 42 has been shown in the literature to have innate antifungal and anti-bacterial properties associated with it. 58 This study originally aimed to
also include the 3`- and 4`-pyridyl moieties (such as 57 and 58, respectively) to study the
effects of the placement of nitrogen and how it affected activity, but the reactions could
not be carried out using the standardized conditions detailed below.
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The next set of compounds included all possess halogen groups on Ring A. These
lipophilic EW groups are exemplary functional groups for medicinal chemistry,
especially fluorine. 59 Their high lipophilicity and electronegativity make drug candidates
boasting fluorinated groups resistant to metabolism, 59 unlike compounds with nitro
groups like 41. In an attempt to examine the effects of the number and position of
halogen substituents, compounds 50 and 51 were included. Although 51 has a mono
fluoro group at the para- position of Ring A, the difluoro group of 50 has a symmetrical
2`,6`-substitution pattern. Indirectly, this compound also studies the effect of the nitro
group on K-Ras phosphorylation: 50 possesses the two other functional groups seen on
the active compounds from the previous assay (that being 41 and 46), so activity
observed from 50 could potentially confirm whether the presence of a nitro group is a
necessity or an impediment. The two ortho-fluorine atoms could potentially shift the
planarity of Ring A due to steric interactions with the carbonyl, isolating the ring from
the rest of the chalcone molecule. 60 This is an interesting way to study if the presumed
shift of planarity plays any role in activity towards oncogenic K-Ras or MAO-B. The
non-planar 3`,5`-difluoro substitution pattern (e.g., 59) was also planned to be included in
this assay, but due to unforeseen circumstances, time constraints prevented the
completion of this compound.

42

A comparison of activity can be made between the number of halogens present on
Ring A (e.g., the mono-fluoro group of 51 compared to the difluoro group of 50), but
another comparison that can be made is the size of the functional group. As mentioned
earlier, 51 features a 4`-fluoro group, the smallest and most electronegative halogen. This
can be directly compared to 52, possessing the larger and less electronegative 4`-bromo
functional group. The difference in activity exhibited from these two chalcones will be a
direct result of the halogen present on Ring A, making for ideal parameters for a size
comparison in regard to activity. While 52 has been proven to be an effective antimicrobial agent, 58 51 has shown to possess anti-inflammatory activity in literature.61 It is
not known if these peripheral activities should have any effect on K-Ras mislocalization,
however. Another comparison that would have been preferable for this study would be
the inclusion of the 4`-trifluoromethyl group on Ring A (e.g., 60). Inclusion of this
compound would have married the two concepts of comparing number and size of
halogens to biological activity exceptionally well. Several attempts have been made to
synthesize 60 using the standardized conditions mentioned below while varying both the
temperature of the system and duration of reaction time. However, in all attempts the
product 61 was obtained as a result of a Michael addition of the acetophenone on the
initially produced chalcone.
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Chalcones with the methoxy group and the dimethylamino group (such as 53 and
54) were selected to complement the amino group (e.g., 49) in offering a wide variety of
ED groups for this assay. These chalcones in particular have had relevant prior activity
recorded in literature, making them obvious candidates for screening. For instance, the
same study that reported 41 exhibited three different types of activities (anti-cancer, antiinflammatory, and anti-oxidant) also claimed 53 to be highly active as well, being the
second-most active chalcone from their library. 52 This is rather puzzling, as the EW nitro
group in 41 is in stark contrast with the ED methoxy group of 53, making it a natural
choice for this study. The dimethylamino group featured in 54 has been shown to have
moderate anti-mitotic abilities as well. 53 This chalcone in concert with 49 is a good
comparison between alkylated and non-alkylated functional groups and their ability to
mislocalize oncogenic K-Ras in terms of size and H-bonding capabilities in addition to
lipophilicities. If a similar comparison were to be made with 53, then the 4`-hydroxy
group would need to be included as well (e.g., 62). However, the Ketcha lab has yet to
find any success in regard to synthesizing chalcones with the -OH functional group, and
as a result, it was not included in this study.
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The remaining compounds included in this experiment were select “reverse
analogs” as mentioned earlier. The first one selected is 55, bearing the trimethoxy group
on Ring A and the nitro group on Ring B, the reverse analog of 41. Because 41 was the
lead compound for this sample library and given the trend that activity is mostly
conserved upon reversing the functional groups, 53 it becomes a logical deduction that 55
should be included. Though 55 has not been particularly effective at mitotic arrest like
other chalcones with trimethoxy moieties on Ring A, 55 it would still provide compelling
insight on how the trimethoxy functional group interacts with oncogenic K-Ras and
MAO-B. If higher activity is observed with 55 over 41, then the placement of the 3,4,5trimethoxy motif may play a more vital role than expected, and more reverse analogs
should be investigated in future studies.
The last compound included is the reverse analog of 50, bearing the trimethoxy
group on Ring A and the difluoro group on Ring B (e.g., 56). The 2,6-difluorophenyl
motif perhaps is in a more logical position on 56 between the two chalcones included in
this sample set, presumably because the two ortho-substituted fluorine atoms assist in
pulling electron density away from the double bond while also possibly shifting Ring B
out of plane. This results in the β-carbon becoming more electrophilic than typical
chalcones, making it more susceptible to nucleophilic attack, such as the Michael
addition by cellular nucleophiles.60 Because of this, it is posited that 56 is the most suited
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for binding to thiol groups present in cysteine residues, but whether that plays a role in K Ras phosphorylation is still unknown. In short, the reverse analogs chosen for analysis
are a fair representation of chalcones with the 3,4,5-trimethoxy pattern on Ring A while
also retaining the original mission of offering a wide variety of biological mechanisms to
employ against oncogenic K-Ras.
VIII. Chalcone Synthesis Procedure
Chalcone synthesis commonly utilizes the Claisen-Schmidt reaction, as shown in
Scheme 1. This relatively simple reaction involves the condensation of substituted
acetophenones and benzaldehydes under either basic or acidic conditions. The
mechanism for the base-catalyzed Claisen-Schmidt condensation using acetophenone
(63) and benzaldehyde (64) as a simple example is shown in Figure 15.4 The first step
involves proton abstraction from the aliphatic α-carbon on the acetophenone by a strong
base. This is because the α-hydrogens of ketones having a relatively low pK a (~20) due to
enolate stabilization by the C=O carbonyl. The α-carbanion then performs a nucleophilic
attack on the benzaldehyde carbonyl, forming a tetrahedral intermediate (i), and proton
abstraction from water leads to the β-hydroxy ketone (ii). The final product is not
generated until the second α-hydrogen is removed, thereby dehydrating the compound,
and forming the signature α,β-unsaturated chalcone structure (65) . The stability offered
from conjugation in the final product is enough to remove the β-hydroxyl group, widely
known as an exceptionally poor leaving group.
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Scheme 1: Claisen-Schmidt Condensation.

Figure 15: Claisen-Schmidt condensation reaction mechanism.
Conditions must be ideal to ensure the reaction is successful, and some sort of
standardization to the synthetic procedure should be followed to maximize
reproducibility. To do this, the starting materials are employed in a 1:1 mmol ratio with
ethanol as the solvent. Aqueous sodium hydroxide (NaOH, 10%) was adopted to
establish basic conditions for the reaction. In general, the standard conditions for
synthesis aimed to slowly introduce the acetophenone solution to the basic benzaldehyde
solution. The resulting mixture is then allowed to react overnight (approximately 14 -20
hours) while submerged in an ice bath, gradually warming up to room temperature (rt).
Table 2: Reaction Conditions for Trimethoxy Chalcone Synthesis
Reaction Type

Solvent Volume

Temperature

Reaction Time

A

10.5 mL

0°C

Overnight

B

5 mL

0°C

Overnight
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C

8 mL

0°C

< 4 hours

D

5 mL

62°C

Overnight

Specific deviations were necessary to guarantee chalcone formation. In short, four
different synthetic techniques were employed to generate products. In each synthetic
route, the following conditions above were carried out with only three parameters being
varied: the temperature of the system, the reaction time, and the amount of solvent used.
Table 2 features each of the conditions employed for the reaction procedures utilized.
Larger volumes of ethanol that were used in procedures A and C are due to poor
solubility of 3,4,5-trimethoxybenzaldehyde (66) at lower temperatures. This is not the
case in procedure B, where better benzaldehyde solubilities were observed, or in
procedure D, which was carried out at a higher temperature. Chalcones prepared with
each synthetic technique is highlighted in Table 1.

Reaction trials were attempted until chalcone products could be isolated and
purified, so unfortunately yield optimization was not highly prioritized. At any rate, all
compounds were filtered by vacuum filtration and recrystallized if purities were found to
be less than 95% by gas chromatography/mass spectrometry (GC/MS). Chalcone
products are confirmed by a combination of melting point comparison (when possible)
and mass spectrometry. In the case of 50 and 56, no prior records exist in the literature, so
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further characterization is necessary. In lieu of elemental analysis, high-resolution mass
spectrometry was used to identify 50 and 56.62 Proton (1H) and carbon (13C) nuclear
magnetic resonance (NMR) are also used to discern chalcone production. A pair of
doublets in 1H NMR with coupling constants ranging from 15.5 to 16.1 Hz is indicative
of a trans-double bond, and a singlet peak in 13C NMR ranging from 187.1-189.5 ppm
confirms the carbonyl of the chalcone. These techniques were used to characterize each
of the chalones used for this project.

Figure 16: Michael addition reaction mechanism.
Standardized conditions for chalcone synthesis are in place to maximize the
formation of the final product while also minimizing side products from additional
reactions. For example, it is particularly important to use equimolar quantities of the
starting materials so as to not create additional self -condensation side products from
acetophenones, such as 67 as an example. That is also why the acetophenone solution is
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introduced slowly to the benzaldehyde, as an effort to prevent self-condensation
byproducts. In addition, another side reaction that can occur especially in the case of
excess acetophenone involves a Michael addition of the acetophenone as seen in Figure
16. In this reaction, the conjugate base of the acetophenone performs a nucleophilic
attack on the β-carbon, which has an electrophilic nature due to resonance. The resulting
α-carbanion intermediate (i) becomes protonated using ethanol, losing the double bond
completely and consequently any activity associated with the former chalcone (as in the
case of 68).47, 63 The Michael addition was a frequent reaction observed in some trials that
were allowed to react overnight, particularly those with EW groups on Ring A (e.g., 42,
50, and 51), so some reaction times were truncated to avoid byproduct formation. These
side products are easily recognizable by 1H NMR with the upfield singlet peak indicative
of an aliphatic -CH2- group that would otherwise be absent in the intended chalcone
structure.
IX. K-Ras Mislocalization Results
Table 3: K-Ras Mislocalization of Trimethoxy Chalcones
IC50
Compound

Structure

Standard
Error of

(µM)

41

7.01

50

Standard

Emax

Mean (μM)

0.92

Error of
Mean

0.57

0.04

49

9.17

3.12

0.54

0.03

42

52.97

2.96

0.45

0.02

50

8.20

1.80

0.45

0.03

51

15.90

8.23

0.39

0.02

52

24.64

2.39

0.47

0.02

53

8.29

2.19

0.45

0.05

54

7.42

0.53

0.58

0.03

55

8.20

2.87

0.46

0.02

51

56

7.49

2.69

0.45

0.01

Table 3 reports the K-Ras mislocalization data from each of the trimethoxy
chalcones tested. 62 In order to understand the data presented, a proper understanding of
the difference between the potency and efficacy of a drug is required. In short, the
efficacy of a compound or drug is the amount of response generated from the system,
while the potency is the amount of compound or drug needed to reach a desired effect. 1
While these terms are often used interchangeably, their distinction is crucial for
interpreting the data in Table 3. The IC50 concentration values shown in Table 3 are the
concentrations of each chalcone needed to observe 50% inhibition, or in this case 50% KRas mislocalization. The IC50 value can also be considered a numerical value of the
potency of each chalcone. Similarly, the E max value is the maximum response each
chalcone provided in the screening and is a direct comparison to the efficacy of the
compound. Suffice to say, chalcones with effective activity should have low IC 50
concentrations and high Emax values.
Because it had the highest activity among the rest of the chalcones, it is no
surprise that 41 is still considered the lead compound. It was also found that it
mislocalized K-Ras by phosphorylation via PKCδ activation. 16, 62 Additionally, 41 was
capable of diminishing K-Ras signaling pathways while also ignoring H-Ras signaling,
verifying its selectivity. 16, 62 Knowing this, 41 was tested against a series of different
cancer cells to monitor whether this mislocalization translates well to cancer cell
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inhibition. To test this, two different types of PDAC and NSCLC were used: those
bearing oncogenic K-Ras, and those that possess normal, wt K-Ras.62 Across the board, it
was determined that 41 inhibited cell lines bearing the K-Ras mutant while ignoring wt
K-Ras, proving its selectively towards the oncogenic mutant. 62 The lone exception
observed is A549; which, as described earlier, is not considered K-Ras-addicted,30 so
targeting K-Ras would not lead to inhibition. In short, 41 is confirmed to be a viable lead
compound for oncogenic K-Ras.16, 62
The difference between the two most active compounds from this library of
chalcones is quite difficult to explain. It is expected that 41 is one of the two most potent
and efficacious chalcones of this set, but it is a surprise that the other compound is 54.
The EW nitro group of 41 is in stark contrast to the ED dimethylamino group of 54, so
obvious electronic trends cannot be made. Since the mechanism of K-Ras mislocalization
has not yet been elucidated for 54, it could be that 54 activates PKCδ in a manner that is
different from 41. Another more likely explanation is that 54 could mislocalize K-Ras by
activating the AMPK pathway akin to metformin (3) and sildenafil (4). Utilizing two
different mechanisms would explain how these two chalcones with entirely different
electronic groups on Ring A could express similar activity.
Comparisons of EW and ED functional groups on Ring A of the chalcones used
for this assay can be accomplished in terms of potency and efficacy. Aside from 41 and
50 (of which contained groups that are known to be active), 16 chalcones with EW groups
possess incredibly large IC50 concentrations with relatively minimal Emax values,
reflective of their poor activity. Conversely, trimethoxy chalcones bearing ED groups on
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Ring A overall exhibited lower IC50 concentrations and higher Emax values, having
consistently better activity than those bearing EW groups. In fact, each of the chalcones
possessing ED groups on Ring A (e.g., 49, 53, and 54) exhibited almost double the
activity expressed from 51, triple the activity of 52, and almost six times the activity of
42.
As mentioned earlier, 41 and 50 both proved to be active towards K-Ras
mislocalization. This is to be expected, as the functional groups associated with these
chalcones (3,4,5-trimethoxy, 4-nitro, and 2,6-difluoro groups) have already proven to
show activity towards oncogenic K-Ras.16 However, the distinction of activity of these
two compounds can verify whether or not the nitro group is imperative for activity. This
study confirms the idea that the nitro functional group plays a vital role in K-Ras
mislocalization for two major reasons. The first is that 41 is more potent than 50
(compare the IC50 value of 7.01 µM to 8.20 µM), and the second is that this loss of
potency is also at the cost of efficacy: the E max of 41 (0.57) is significantly higher than
that of 50 (0.45). This suggests that the loss of the nitro group results in a decrease of
overall activity.
Knowing that the nitro group is relevant for K-Ras phosphorylation, it is
important to know if this functional group remains intact during the cellular assay. This
could potentially be confirmed by comparing the activities of 41 and 49. If the nitro
group of 41 were to reduce to the amino group in vitro, then they should have comparable
activity. Should the activity of 41 be lower than that of 49, then it could not be
ascertained if biological reduction was performed. Looking at the values from Table 3,
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41 outperforms 49 in every aspect: though they close in terms of efficacy (0.57 for 41
compared to 0.54 for 49), 41 proves to be far more potent (7.01 µM relative to 9.17 µM
from 49). Because of this, it can be inferred that 41 is likely not being biologically
reduced during the assay trials.
Another comparison that can be made with the results in Table 3 is the effect of
activity and the size of substituents. For example, a comparison between activity can be
made for 51 and 52, as the only difference between the two chalcones is the size of the
halogen found on Ring A. Given that they have respective IC 50 concentrations of 15.90
µM and 24.64 µM, it is evident that the smaller fluoro group of 51 gives more potency
than 52. However, this comes at the price of efficacy, as 52 has a significantly larger Emax
value than that of 51 (0.47 compared to 0.39). Based on these results, one could assume
that the larger functional groups lose potency and gain efficacy. Another comparison can
be made between the amino group in 49 and the bulkier dimethylamino group in 54. In
this instance, 54 is far more potent (7.42 µM compared to 9.17 µM of 49), and also
retains efficacy (0.58 versus 0.54 of 49). However, size is not the only difference between
the functional groups in 49 and 54; the dimethylamino group of 54 loses significant Hbonding capabilities available to the amino group in 49, and it is not known if the
increased activity of 54 can be attributed to the size of the functional group or the loss of
H-bonding. Because of the conflicting trends from the examples in this chalcone set, no
conclusion can be made regarding substituent size and capability of K-Ras
mislocalization.
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The role of fluorine atoms in regards to their number and placement on Ring A
and their activities in K-Ras mislocalization is examined in the case of substrates 50 and
51, wherein the potency of the 2`,6`-difluoro-substituted analog 50 is almost double that
of 51 (8.20 µM relative to 15.90 µM) . The same can be said for efficacy, though not to
the same extent: the Emax of 50 (0.45) is higher than that of 51 (0.39), the lowest reported
value in this set of chalcones. Based on these results, a combination of the number and
placement of fluorine atoms are important in determining activity, but there are too many
variables between these two chalcones to identify which parameter affects activity more.
It is speculated that the functional group placement may play a smaller role for activity
when compared to the number of substituents on the ring. This is supported by the fact
that 51, which bears the 4`-fluoro group on Ring A, had one of the lowest activities from
this set, despite the two most active compounds (e.g., 41 and 54) both possessing 4`position functional groups on Ring A. However, doubling the amount of fluorine atoms
on Ring A (such as the case of 50) nearly doubled the activity, suggesting that the
number of substituents plays a more active role in augmenting the activity. This idea is
also supported with the results of the study from Qatar University, where they found that
a 2,5-dimethoxy-substituted chalcone (recall 7) performed better than mono-2-methoxy
or 2,4,6-trimethoxy substituted analogues towards colorectal cancer bearing oncogenic
K-Ras.31 However, both the number of substituents and ring placements were varied
between 50 and 51, so it cannot be determined at present which aspect has greater
influence.
Finally, the trends observed from reverse analogs deserve mentioning, as they
provide an interesting perspective on the results in Table 3. As mentioned earlier,
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chalcones with functional groups reversed on Rings A and B often retain moderate
activity between them, 53 and this is observed in our results as well; however, there is no
clear trend. For instance, reversing the trimethoxy and nitro groups in 41 (e.g., 55)
resulted in somewhat lower potency and efficacy overall (compare the IC 50 of 7.01 µM
and the Emax of 0.57 for 41 to 8.20 µM and 0.46 for 55). Conversely, reversing the
trimethoxy and difluoro groups of 50 (as seen in 56) actually improves the activity
somewhat, as the potency of 56 is higher than 50 (7.49 µM for 56 and 8.20 µM for 50)
while retaining the same efficacy (0.45 for both). While these results contradict each
other to a degree, there are possible reasons for the improved activity of 56. It was
previously mentioned that unlike 50, the difluoro group on Ring A for 56 better primes
the chalcone for thiol addition by cysteine. This is in part because the two fluorine atoms
not only pull electron density towards them being closer to the beta-carbon, but they may
also shift Ring B out of the plane of the molecule, forcing the ring out of conjugation
with the rest of the chalcone. The resulting distorted double bond in 56 is more
electrophilic than arguably any other chalcone in this set. Being the third most active
compound in this library of chalcones, it is possible that the activity associated with 56 is
because of this increased double bond reactivity. If this is indeed the case, then it could
be argued that the 3,4,5-trimethoxy motif is better suited for K-Ras mislocalization when
located on Ring A, but this cannot be concluded unless additional reverse analogs are
screened.
The preliminary SAR from 3,4,5-trimethoxy chalcones described above validates
the potential of this motif as a possible pharmacophore for K-Ras mislocalization.
Despite the fact that the highest activity was observed in the case of a strongly EW nitro
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substituent at the 4`-position of Ring A, there did not seem to be a strong correlation with
an electron-deficient Ring A (e.g., halogen groups and pyridyl ring) and activity. If 41 is
momentarily treated as an outlier, the general trend observed is that K-Ras
mislocalization is augmented when chalcones bear an electron-rich Ring A. This is
supported by the fact that both reverse analogs (such as 55 and 56) exhibited rather high
activity. On the basis of the results from our initial screen of the randomized library of
chalcones, it was originally hypothesized that K-Ras mislocalization would be favored
towards chalcones with EW groups (particularly halogens) on Ring A. If it is assumed the
3,4,5-trimethoxy motif on Ring B is an essential structural feature for K-Ras
mislocalization, then the role of activating substituents appears to be an important next
step.

Further steps could be taken to better understand how not only the trimethoxy
motif, but how chalcones in general target oncogenic K-Ras. While it is known that 41
activates PKCδ, the mechanism as to how PKCδ is activated is still unknown, and
knowing that can provide insight on which functional groups (and their positions) need to
be explored further. 16, 62 Similarly, it would be of particular interest to elucidate whether
54 mislocalizes K-Ras via PKCδ or AMPK activation as a way to understand how this
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chalcone is so active. Biological assays aside, investigating the trimethoxy motif further
would be a viable approach for future studies, and several different routes can be
explored. Of the compounds that were not able to be included in this assay, the 3`,5`difluoro group on Ring A (e.g., 59) should be studied further, as a way to determine
whether the presumed planarity shift observed in the chalcones with the 2,6-difluoro
groups (e.g., 50 and 56) are necessary for activity. Another future direction that could be
explored is introducing more ED groups, including the reverse analog of 54 (e.g., 69),
where the dimethylamino group is located on Ring B. Though the 2,4,6-trimethoxy motif
has not shown much promise for oncogenic K-Ras,31 this substitution pattern may be
more active when paired with a nitro group, as in the case of 70, which warrants
exploration. Finally, another approach for future studies could involve “scaffold hopping”
(i.e., using a different molecular framework while preserving certain pharmacophores
such as functional groups). 64 This would be done in order to determine whether the
activities shown in Table 3 are attributable to the functional groups present or merely a
result of utilizing the chalcone structure. One possible route is to use the trimethoxy and
nitro groups found in 41 and place them on a molecular skeleton similar to that of a
chalcone, such as a benzylidene oxindole (such as 71). These routes should be taken to
further understand how trimethoxy chalcones interact with oncogenic K-Ras and bring us
one step closer to developing one of the first-ever anti-K-Ras drugs.
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X.

MAO-B Inhibition Results

Table 4: MAO-A/B Inhibition Data for Trimethoxy Chalcones
Compound

Structure

Concentration

MAO-A

MAO-B

(µM)

Activity

Activity

72

N/A

1.00

1.00

73

1

0.58

0.77

74

1

0.75

0.22

0.1

0.99

1.00

1

0.94

0.99

10

1.01

0.84

0.1

0.99

1.11

1

1.04

1.10

10

1.02

1.06

0.1

1.03

0.94

1

0.99

0.95

10

1.04

0.98

41

49

42

60

50

51

52

53

54

55

56

61

0.1

0.86

0.90

1

0.86

0.70

10

0.90

0.20

0.1

1.28

1.14

1

1.33

1.17

10

1.01

0.95

0.1

1.08

1.06

1

0.94

1.06

10

0.79

0.91

0.1

0.91

1.00

1

1.07

1.00

10

1.23

1.00

0.1

1.02

0.95

1

0.88

0.89

10

0.90

0.99

0.1

0.92

0.93

1

1.06

1.02

10

1.09

0.96

0.1

0.93

0.90

1

0.91

0.88

10

0.89

0.40

As detailed in the previous sections, early results on the use of chalcones as
potential anti-K-Ras therapeutics indicated that compounds 41 and 46 appeared to present
possible leads. The coincidental fact that both possessed the strongly EW nitro group led
the supposition that activity was dependent on a deactivated Ring A. In any event, the
nitro functionality, the 2,6-difluoro, and the 3,4,5-trimethoxy fragments appear to be
important for bioactivity, though not necessarily on the rings depicted below. As the
molecular target(s) for the phenotypic screen were unknown, the prominent role of
chalcones as MAO inhibitors led the Cho group to investigate this target to lend credence
to or negate the role of this enzyme in K-Ras mislocalization. The finding that 41 had
indiscriminate activity whereas 46 was inactive indicated that MAO was unlikely
responsible for the anti-cancer properties of these molecules. However, at the time of
finding MAO activity with a chalcone bearing an ED Ring B was unprecedented and
therefore worthy of further scrutiny, and to that end a series of chalcones focused upon
the 3,4,5-trimethoxyphenyl motif was prepared and evaluated.16
Table 4 includes the MAO inhibition data observed from the set of trimethoxy
chalcones. Inhibition of both MAO-A and MAO-B were documented at three different
concentrations. Activities reported in Table 4 are normalized against that observed f or
the DMSO vehicle (72), where values of 1.00 or higher are indicative of not expressing
any activity. Also, chalcones in this assay are compared to known inhibitor standards,
that being clorgyline (73) for MAO-A and pargyline (74) for MAO-B.65, 66 Because not
enough data was collected to generate IC50 values for MAO inhibition for each chalcone,
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activity can still be determined by dose dependency, wherein activity increases with
concentration. Dose-dependent inhibition can show which compounds are selective and
effective toward MAO-B.
The reinvestigation of MAO activity involving both isoforms reveal that 41 does
indeed show some MAO-B inhibition in a dose-dependent manner, though only
moderately (Table 4). This is rather surprising, as the nitro functional group was
generally known to remove all MAO selectivity in some chalcones.44 Only two other
compounds in this collection exhibit more potent MAO-B inhibition than 41, and
interestingly, both are reverse analogs that feature the difluoro group (being 50 and 56).
Given that 50 showed more prominent dose-dependent activity than that of 56, it
confirms the general trend that MAO-B inhibitory activity is improved when lipophilic
EW groups are present on Ring A. It should also be noted that 41 showed no inhibition
towards MAO-A, confirming its selectivity. In fact, of the trimethoxy Ring B analogues,
only the 4`-bromo derivative (e.g., 52) showed any dose-dependent activity towards
MAO-A, but it suffers from poor efficacy. Since every other chalcone listed in Table 4
showed no dose-dependent inhibition, it is likely that the 3,4,5-trimethoxyphenyl motif
may not represent a significant pharmacophore for MAO-B inhibition.
Originally, it was hypothesized that chalcones bearing the 3,4,5-trimethoxy group
would experience increased MAO-B inhibition when paired with EW groups as opposed
to ED groups. This is partially validated by the results in Table 4, as the only chalcones
that showed any dose-dependent activity towards MAO-B all possessed EW groups (e.g.,
the nitro group on 41 and the difluoro groups on 50 and 56). Chalcones that possessed
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ED groups likewise showed little to no inhibition of MAO-B whatsoever. Earlier SAR
studies comment on the increased activity observed when chalcones are paired with both
EW and ED groups, and the results shown above seem to support this finding.
Additionally, it was also hypothesized that the reverse analogs of select chalcones (such
as 41/55 and 50/56) might exhibit similar activity. The results from this experiment only
partially validate this: while 41 showed some MAO-B inhibition, its reverse analog 55
showed no dose-dependent activity. Conversely, both difluoro chalcones 50 and 56
inhibited MAO-B to roughly the same extent.
XI. Follow-up MAO-B Inhibition Analysis
The dose-dependent MAO-B inhibition observed in the difluoro reverse analog
chalcones (e.g., 50 and 56) sparked interest in the Ketcha lab and prompted a follow up
analysis of chalcones derived from other students in the lab. Because these chalcones
were prepared by different students, a wide variety of synthetic procedures were utilized
as a result, but each compound was properly characterized prior to analysis. Several
examples included in this repository are comprised of reverse analogs of chalcones from
Table 4. Additional chalcones chosen are those that could serve as potential MAO-A/B
inhibitory standards, or simply possessing functional groups that spark interest for the
Ketcha lab. The compounds chosen in addition to their MAO inhibition data are
presented in Table 5. Note that the DMSO vehicle, clorgyline (73), and pargyline (74)
data shown in Table 4 carry over to this assay as well.
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Table 5: Follow-up MAO-A/B Inhibition Data of Various Chalcones
Compound

Structure

Concentration MAO-A

75

76

77

69

78

79

65

MAO-B

(µM)

Activity

Activity

0.1

1.05

1.03

1

0.96

1.03

10

0.98

0.69

0.1

0.90

1.00

1

0.98

0.96

10

1.00

0.98

0.1

0.85

0.95

1

0.87

0.99

10

0.85

0.91

0.1

0.93

1.00

1

1.00

0.99

10

0.96

0.84

0.1

1.14

0.99

1

1.00

0.84

10

0.91

0.38

0.1

1.04

0.98

1

0.93

0.85

10

0.96

0.45

80

48

44

81

82

83

66

0.1

0.80

0.69

1

0.83

0.11

10

0.89

0.01

0.1

1.23

0.88

1

1.06

0.52

10

0.95

0.13

0.1

1.04

0.98

1

1.04

0.97

10

1.02

1.02

0.1

1.10

0.97

1

1.00

0.96

10

1.04

0.57

0.1

1.03

0.98

1

0.96

0.90

10

0.99

0.99

0.1

1.02

0.98

1

0.95

0.91

10

1.01

0.47

84

0.1

1.13

1.12

1

1.00

0.93

10

0.99

0.49

Compounds 69 and 75-77 in Table 5 represent the reverse analogs of trimethoxy
chalcones initially tested for MAO inhibition. Of these reverse analogs listed, only 69
shows any activity towards MAO-B; though activity is observed for 75, it is not
considered dose-dependent like 69. This has some bearing with the SAR trends
developed in literature; having the 4-dimethylamino group on Ring B has proven to have
MAO-B inhibitory effects (recall chalcones 35 and 36),38 and the attenuated activity
observed with 69 is likely due to the weaker trimethoxy group present on Ring A.
Overall, the results of this follow-up analysis in conjunction with the previous results
strongly suggest that the 3,4,5-trimethoxy motif is not an effective pharmacophore for
MAO-B inhibition.
Chalcones 44, 48, and 78-80 were included to serve the role of being standards for
activity. Having the ED methoxy group on Ring A and the EW halogen group like the
trifluoromethyl motif on Ring B (e.g., 78) should have highly selective and highly potent
MAO-B inhibition based on the trends found in literature, and this is indeed the case in
this project. Both 78 and its reverse analog 79 show nearly-equal dose-dependent activity
towards MAO-B while completely ignoring MAO-A, highlighting the efficacy of the
trifluoromethyl functional group. However, replacing the trifluoromethyl group on 78
with a mono-fluoro group (e.g., 80) was met with the most potent activity observed in
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either MAO assay. When comparing the activity of the two mono-fluorinated chalcones
80 with 75, it becomes clear that the addition of more methoxy groups on Ring A
severely handicaps the capability of targeting MAO-B. Similarly, another compound
included as a standard was 48, as it has been shown that chalcones bearing a halogen
group on Ring A with the dimethylamino group on Ring B possess quite remarkable
MAO-B inhibition. 38 Our results confirm this relationship, as 48 is a very potent MAO-B
inhibitor, and it emphasizes the importance the role of the dimethylamino group even
further. The final chalcone standard included is 44, with the 2`,4`,6`-trimethoxy Ring A
and the 4-nitro Ring B. It is expected that this chalcone should be an effective MAO-A
inhibitor, because not only has the nitro group been shown to remove selectivity between
the isoforms, 44 but this particular trimethoxy pattern has been known to shift the
selectivity towards MAO-A.38 However, no activity was reported for either isoform.
Aside from 44, the chalcone standards have shown the inhibition activity that might have
been expected.
The remaining chalcones in this library were included to study the effect of
specific functional groups, particularly the difluoro substitution and naphthalene ring
incorporation. For example, the methoxy naphthyl moiety replacing Ring B was
integrated in 81 and 82, and the effect of the number of methoxy groups on Ring A was
studied between the two chalcones. Almost unsurprisingly, the naphthyl chalcone bearing
the 2`,4`,6`-trimethoxy motif on Ring A (82) showed no activity toward MAO-B.
Comparing this to the dose-dependent response from 81 only bearing a 2`-methoxy Ring
A implies that the naphthyl ring may play an active role for MAO-B inhibition.
Additionally, two different difluoro substitutions were explored in this assay: the
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asymmetrical 2,5-difluoro and the symmetrical 2,6-difluoro pattern were incorporated in
chalcones 83 and 84, respectively. Given that they both share the 4`-amino group on Ring
A, the difference in activity between the two chalcones can be dictated by the substitution
of the difluoro pattern. Across the board, the activity associated with 83 is only slightly
greater than that of 84, suggesting that the 2,5-difluoro substitution is incrementally more
potent that the 2,6-substitution. This could imply that a more planar substitution pattern
would be more favorably active, as the 2,5-substitution is speculated to be less out of
plane than the 2,6-pattern.

From the two assays that were carried out, it became apparent that the 3,4,5trimethoxy motif is not an effective group for inhibiting MAO-B. Moving forward, future
assays should focus on functional groups that enhance the inhibition profile, those being
the 4-methoxy group, the 4`-dimethylamino group, and various fluorinated motifs.
Subsequent projects in this field of study should focus on determining the most potent
combination of these particularly active pharmacophores. For instance, since the highlyactive chalcone 78 featured the 4`-methoxy group on Ring A and the 4-fluoro group on
Ring B, it becomes worth exploring the type of difluoro groups on Ring B, as it has been
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shown that varying methoxy groups on Ring A hinders the overall activity. Varying the
amount of expected planarity with the difluoro patterns (85-87) can determine whether an
effect on activity is truly observed or not. Another highly potent motif for chalcones is
the 4-dimethylamino group, and as seen from the activity observed from 79, it
necessitates exploring the different types of fluoro groups on Ring A to enhance the
MAO-B inhibition profile. Naturally, the 2`,6`-difluoro group (88) should lend more
potency due to the activity observed from these assays. Finally, the trifluoromethyl motif
(89) would also be a very potent combination in tandem with the dimethylamino group as
well. In summation, this project has provided future steps towards realizing the potential
of chalcones bearing either the 4`-methoxy or the 4-dimethylamino group by exploring a
wide variety of fluorinated functional groups.
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NMR RESULTS

Proton (1H) and carbon (13C) NMR spectra for each of the compounds selected for
this experiment are presented in this section. Data was generated from a Bruker Avance
instrument utilizing different frequencies based on the desired spectra (300.13 MHz for
1H

and 75 MHz for 13C data acquisition). Spectra were analyzed and presented in figures

using the iNMRreader software. Signals are measured in units of parts per million (ppm,
δ), and their general location on the spectrum can provide insight to the type of
corresponding proton/carbon (e.g., aliphatic, aromatic, aldehyde, carbonyl) as well as
their proximity to electronegative atoms. 67 For 1H NMR, the multiplicity of peaks and
their J coupling constants offer clues to further recognize individual protons from each
signal. While this is not available in the proton-decoupled 13C NMR spectrum,
calculations based on their location relative to other functional groups can be done to
identify specific carbons from peaks in the spectrum. These spectra are used to confirm
the identity of the compounds of interest.
In almost all cases, acetone-d6 was the deuterated solvent of choice for data
collection for a number of reasons. Not only was increased peak separation observed
when compared to solvents such as CDCl 3 or DMSO-d 6, but overall solubility was
improved as well. Additionally, the signals generated from acetone-d 6 fell outside the
typical range of chalcone signals, providing the opportunity to remove these peaks for the
sake of simplicity. For the 1H spectrum, these peaks occur at approximately 2.05 and 2.82
ppm. Though acetone should only exhibit a single peak, the extra peak observed is due to
residual H2O and HOD still present in the solvent, consequences of manufacturing some
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deuterated solvents. 68 For the 13C spectrum, two respective peaks are observed for the two
different types of carbons: the aliphatic -CH3 group (29.9 ppm) and the carbonyl C=O
(206.7 ppm). These solvent peaks are not shown in the spectra presented below. For the
chalcones included in the follow-up MAO-B inhibition assay (Table 5), some of the
compounds listed (e.g., 44, 48, 75, 81, 82, and 84) were not able to be characterized with
acetone-d 6 due to the coronavirus pandemic, but NMR data is still available using CDCl 3
as the deuterated solvent.
The spectra shown below are select examples of 3,4,5-trimethoxy chalcones used
to explain the characterization process of the compounds used for this experiment,
describing each proton and carbon assignment in great detail. Most of the chalcones have
very similar spectra, save for functional groups that would introduce additional protons
and/or carbons to the system. Notable exceptions include those with heterocycles (e.g.,
42) and bizarre splitting patterns due to fluorine incorporation (such as 50 and 51), which
are included below. Additionally, an example of a reverse analog is also included as well.
While not every spectrum is shown in this section, their corresponding peak assignments
are documented along with their characterization data in the Experimental section.
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Figure 17: 1H NMR spectrum of 41.

The first example to be analyzed is the lead compound 41, which comprises of
seven proton signals as seen in Figure 17. As with all compounds in this project, three
distinct spin systems exist in the chalcone: Ring A, Ring B, and the double bond linking
the two. The easiest spin system to identify in Figure 17 is Ring B, which contains the
trimethoxy moiety. The singlet peaks at 3.81 and 3.92 ppm (labeled a and b respectively)
fall in the upper region of the aliphatic area of the spectrum, indicating the protons
neighbor a highly electronegative atom. Given that they also integrate to 3 and 6
respective protons, it is no doubt that those peaks correspond to the methoxy groups of
the chalcone. The other two protons on Ring B appear on the aromatic ring (labeled c)
with no immediate neighbors, corresponding to the singlet peak at 7.22 ppm rather well.
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The double bond of the chalcone is relatively easy to detect in the spectrum, due
to having significantly large coupling constants. To ensure that the chalcone is of the
trans-conformation, the J value should be near the value of 15 Hz. 67 From Figure 17, two
doublets 7.78 and 7.85 ppm (d and e) integrate to one proton each, and they share a
coupling constant of 15.6 Hz, confirming the double bond is the trans-conformation.
However, it is important to note the shape of these two doublets: their peak pattern more
closely resembles that of a quartet. This is due to the signals being too close in chemical
shift, resulting in the roofing effect, where the inner peaks appear larger than the outer
peaks.67 This sort of distortion is clearly seen in the double bond signals, and recognizing
it is crucial in order to properly characterize the compounds of interest.
The final spin system 41 that requires identification is Ring A, the aromatic ring
bearing the para-nitro group. Due to the plane of symmetry, only two unique types of
protons exist on the ring. The two doublets located at 8.32 and 8.40 ppm (f and g)
integrating to two hydrogens each fit these protons rather well, especially since their J
values of 8.8 Hz suggest ortho-coupling as well. Again, the roofing effect distortion is
observed for these doublets as well, though it is less pronounced than those of the double
bond signals. However, with that confirmation, all the protons of 41 have been labeled in
Figure 17, and these signals are found consistently in the spectra of other chalcones as
well.
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Figure 18: 13C NMR spectrum of 41.

The spectrum shown in Figure 18 shows each of the unique carbons present in
41, 13 in total. Because there is no splitting or integration, only the location on the
spectrum gives any indication to the type of carbon present. Because of this, it is
important to know the regions of the spectrum: 0-80 ppm comprises the aliphatic region,
80-160 ppm the alkene/aromatic region, and 160-220 ppm the carbonyl region. 67 With
this in mind, it becomes evident that i at 189.2 ppm corresponds to the carbonyl of 41,
and a and b at 60.7 and 56.6 ppm respectively correspond to the methoxy groups as well.
In fact, these three peaks are found in the 13C NMR spectrum of every chalcone tested.
The true difficulty of interpreting 13C NMR is deciphering and labeling the 10
alkene/aromatic carbons.
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As mentioned earlier, the best way to determine the identity of the aromatic
carbons is to calculate the estimated chemical shifts depending on relative location of
functional group. Certain elements can aid in the process, such as knowing that carbons
not bound to hydrogen have significantly lower intensity than those that are bound by
hydrogen.67 A good example of this is labeling the peaks associated with the carbons
labeled l and m. Both are aromatic carbons on Ring A, but m is bound to a nitro group
while e is bound to a hydrogen. That would suggest that the peak intensity for l would be
rather large while peak m would be barely above the baseline. Upon closer inspection of
the functional groups surrounding carbon m, there is an ipso-nitro group and a parapositioned carbonyl. These functional groups are capable of shifting the carbon peak on
the spectrum, and this shift can be predicted rather easily. Relative to the peak of a
benzene carbon at 128.5 ppm, the ipso-nitro (+19.9 ppm) and the para-carbonyl (+4.4
ppm) suggests the peak should appear around 152.8 ppm. 67 This aligns rather well to the
diminished peak that appears at 151.1 ppm, making it an appropriate choice for m. The
same procedure can be applied to l to yield a predicted value of 123.5 ppm, close enough
to the peak observed at 124.6 ppm. Results from this method are verified using a 13C
NMR peak predictor (nmrdb.org) to ensure the accuracy of label placements for each of
the alkene and aromatic carbons in Figure 18. The peaks observed in both Figure 17 and
Figure 18 validate the proposed structure of 41, confirming its identity.
The next compound included in this section is 42, bearing a 2-pyridyl Ring A in
lieu of a functional group. The challenges associated with interpreting the 1H NMR
spectrum of 42 are two-fold: the position of the pyridine nitrogen does not offer
symmetry on the ring, meaning every proton has a unique signal on the spectrum, and the
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coupling constants for pyridine differ from that of a typical benzene ring. For protons on
a benzene ring, it is well-established that ortho-protons experience a J value between 610 Hz, meta-protons 1-3 Hz, and para-protons 0-1.5 Hz, regardless of their general
location on the ring. 67 For heterocycles such as pyridine, this is not the case: rather, the
coupling between two protons is entirely dependent on its position relative to the
heteroatom on the ring. Figure 19 displays the level of complexity associated with proton
coupling on the ring.67 However, reciprocal coupling between protons should still allow
for proper interpretation.

Figure 19: Coupling constants for pyridine protons.
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Figure 20: 1H NMR spectrum of 42.

Figure 20 shows the 1H NMR spectrum for 42 along with an expanded aromatic
region to better showcase the splitting patterns observed. Much like 41 in Figure 17,
singlet peaks a, b, and c are attributed to the protons on Ring B. Similarly, the one-proton
doublets at 7.84 and 8.26 ppm (d and e) share a J value of 16.0 Hz, indicating a double
bond with a trans-conformation. Some minor splitting can be seen with e that is absent on
d, which is likely due to through-space coupling from the pyridine ring, further proving
that e represents the α-proton. The remaining peaks on the spectrum should all derive
from Ring A. The first signal observed is the doublet of doublet of doublets at 7.66 ppm
(h), which possesses coupling constants of 7.5, 4.7, and 1.3 Hz. The second signal is the
triplet of doublets at 8.04 ppm (g), with coupling constants of 7.7 and 1.7 Hz. The third
signal is the doublet of triplets at 8.15 ppm (f), possessing coupling constants of 7.9 and
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1.1 Hz. The final signal observed is the doublet of doublet of doublets at 8.79 ppm (i)
with coupling constants of 4.7, 1.6, and 0.9 Hz.
In order to label these signals to the protons on Ring A, it is imperative to first
recognize matching J values. For example, though they are not identical, the 4.7 Hz value
shared by h and i implies that these signals are immediate neighbors, as the J value of 4.7
Hz only falls between the range of H 1 and H2 from Figure 19. It can then be deduced that
i is the proton at the 3-position of Ring A (next to the pyridine nitrogen), especially since
the other coupling constants from this signal (1.6 and 0.9 Hz) are not indicative of orthocoupling. By this logic, h can be safely labeled as the proton at the 4-position on Ring A.
The J value of h (7.5 Hz) closely matches the values from f and g (7.9 and 7.7 Hz,
respectively), so this alone is not able to discern the placement of the two remaining
signals. Rather, the second signal from g (1.7 Hz) is very close 1.6 Hz signal from i,
suggesting meta-coupling. If g is placed at the 5-position of Ring A, then the remaining
coupling constants from f should align with its potential placement at the 6-position. This
is indeed the case: the 7.9 Hz suggests ortho-coupling with g while the 1.1 Hz suggests
meta-coupling from h and para-coupling from i. With that, the signals from Figure 20
can be appropriately correlated to each unique proton found in 42.
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Figure 21: 13C NMR spectrum of 42.

Fortunately, because proton coupling is not observed in 13C NMR, analyzing
Figure 21 becomes much easier. Peaks a and b correlate to the methoxy groups while i
correlates to the carbonyl on the chalcone, as expected. There is no need to calculate peak
positions for Ring A, as pyridine have specific areas that peaks appear. For example,
carbons that are ortho-positioned to the pyridine nitrogen appear around 149.8 ppm,
meta- positioned carbons appear around 123.7 ppm, and para- positioned carbons appear
around 135.9 ppm.67 The two carbons j and n are ortho- positioned to the pyridine
nitrogen, so they are expected to be around 149.8 ppm; however, since j is also bound to
the carbonyl, it is expected that this peak has a significantly less intense peak. The peak at
149.9 ppm is the perfect candidate to assign carbon n, and the attenuated peak at 155.2
ppm can be safely assigned to carbon j. For the two carbons meta- positioned to the
pyridine nitrogen (k and m), the respective peaks at 120.9 and 123.3 ppm are the best
peaks for their assignment. Finally, the para- positioned carbon l can be assigned to the
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peak at 138.2 ppm. The rest of the aromatic and double bond carbons were calculated and
verified using the method described above.
The next two compounds used as examples in this section are 50 and 51. These
are the only chalcones in the set that possess fluoro groups, which have an interesting
effect on NMR spectra. Just like hydrogen and carbon, fluorine is NMR active, which
means that additional splitting can be observed in both 1H and 13C NMR spectra.67 While
this can cause issues with data interpretation, the observed splitting is predictable. For
example, in 1H NMR, fluoro groups on an aromatic ring can split proton signals with
coupling constants of either 8.5 Hz if ortho-positioned or 4.5 Hz if meta- positioned.67
Splitting can also be observed in the 13C NMR spectrum as well, and specific patterns can
be observed as well. For an aromatic ring with a fluoro group attached, the carbon signals
on the ring appear as a doublet with coupling constants of either 246.6, 22.8, 8.0, or 3.3
Hz depending on whether the carbon is ipso-, ortho-, meta-, or para- positioned relative
to the fluorine. 67 Knowing this, the hydrogen and carbon atoms associated with the fluoro
group are very easy to detect in NMR spectra.
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Figure 22: 1H NMR spectrum of 51.

The proton signals for 51 can be seen in Figure 22. It is no surprise that the
singlet peaks at 3.79 (a), 3.91 (b), and 7.20 ppm (c) all correspond to the protons on Ring
B. The double bond in 51 is confirmed to be the trans-stereoisomer due to doublets d and
e at 7.74 and 7.84 ppm respectively sharing a coupling constant of 15.6 Hz. Because the
functional group on Ring A is in the 4-position akin to 41, it would be expected that the
two remaining signals would resemble doublets much like in Figure 17; however, due to
the fluoro group, the signals become slightly more complicated. The first signal to note is
the triplet at 7.31 ppm (g). Despite only having one proton neighbor, this signal is split by
both the proton and the fluorine equally, making the peaks appear as a triplet. With a J
value of 8.9 Hz, it is evident that this signal is attributed to the proton at the 3 -position of
Ring A. The signal at 8.22 ppm (f) appears as a doublet of doublets, with J values of 9.0
Hz and 5.5 Hz. The 9.0 Hz is close in value to the 8.9 Hz of g, and the 5.5 Hz is
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indicative of meta-fluoro coupling, so it must be associated with the proton at the 2position of Ring A. Each of the unique protons in 51 were able to be characterized using
Figure 22.

Figure 23: 13C NMR spectrum of 51.

Figure 23 shows the 13C NMR spectrum for 51. The aliphatic carbon peaks at
56.6 (b) and 60.7 (a) ppm are indicative of the methoxy groups, while the carbonyl peak
of the chalcone can be seen at 188.5 ppm (i). Just like the methoxy and carbonyl peaks,
the carbons on Ring A are very easy to detect on the spectrum due to fluorine splitting.
For example, the signal at 166.4 ppm (m) is a doublet with a J value of 251.8 Hz,
matching the expected coupling constant for ipso-fluorine coupling. Ortho-fluorine
coupling is observed in the signal at 116.4 ppm (l), which is a doublet with a J value of
22.0 Hz. The signal at 132.2 ppm (k) is a doublet with a J value of 9.3 Hz, closely
resembling that of the coupling constant for meta-fluorine coupling. The para-fluorine
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coupling is observed in the diminished doublet at 135.8 ppm (j) with a J value of 2.8 Hz.
The other aromatic carbons as well as the double bond carbons were calculated and
verified using the methods described earlier. The two spectra in Figure 22 and Figure 23
validate the structure and confirm the identity of 51.

Figure 24: 1H NMR spectrum of 50.

Fluorine splitting in NMR spectra can be particularly vexing, and the complexity
can be compounded further when there are multiple fluorine present on the compound,
such as 50. Despite this, symmetry does play a beneficial role in this case, as each proton
on Ring A experiences equal splitting from both fluorine. Figure 24 shows the 1H NMR
spectrum for 50, with an expanded view of one of the more interesting proton signals. Of
course, Ring B protons are represented by singlets at 3.79 (a), 3.89 (b), and 7.13 ppm (c).
The doublet at 7.49 ppm possesses a J value of 16.1 Hz, suggesting a trans-double bond.
However, because splitting is reciprocal, there must be another signal with this same
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coupling constant, but it is not intuitively obvious where this signal would be. Where this
other double bond proton exists is at 7.18 ppm (e), where it appears to be a doublet of
doublets; rather, the signal of interest is the outer peaks, where the J value matches the
16.1 Hz and integrates to a single proton. The multiplet of peaks also occurring at 7.18
ppm (f) most likely belongs to one of the proton signals on Ring A. Since this signal
integrates to two protons, it must be associated with the proton at the 3 -position of Ring
A, ortho- positioned to the difluoro group; however, the signal is so bizarre that the
multiplicity pattern cannot be detected. This is likely due to a combination of overlap
with e and the splitting caused by the fluoro groups, resulting in the signal being only
labeled as a multiplet. This leaves the proton at the 4-position of Ring A, meta- to both
fluoro groups. The signal expanded in Figure 24 shows the signal associated with this
proton (g). Based on its location on Ring A, this signal is expected to be a triplet with a J
value ranging from 7-9 Hz due to having two ortho-proton neighbors. The difluoro group
on this ring, however, adds another layer of complexity: because the fluoro groups are
meta- positioned relative to this proton, it is presumed that additional splitting should
occur with a coupling constant of about 4.5 Hz. This is indeed the case with proton signal
g, with a triplet of triplets splitting pattern that possess J values of 8.5 and 6.5 Hz,
aligning with the expected signal output. With that, each of the protons have been
properly labeled to the signals observed in Figure 24.
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Figure 25: 13C NMR spectrum of 50.

The same issues regarding multiple fluoro groups in 1H NMR still persist in 13C
NMR like in Figure 25, perhaps even more so: the beneficial symmetry that helped
simplify the 1H NMR spectrum somewhat is not entirely available for 13C NMR, making
analyzing Figure 25 more difficult. As with all carbon spectra for chalcones in this set,
peaks at 56.5 (b) and 60.7 (a) represent the methoxy groups and the peak at 188.3 ppm (i)
is associated with the chalcone carbonyl. The other carbons that can be detected without
the need for calculations involve the carbons on Ring A, namely because of splitting
between the two fluorine atoms. The first signal to note is located at 160.4 ppm (k),
which is a doublet of doublets with J values of 249.0 and 8.0 Hz, indicating that this
carbon is ipso- to one fluorine while also meta- to the other. The next signal with splitting
patterns occurs at 133.1 ppm (m) as a triplet with a 10.0 Hz J value. The value of the
coupling constant in addition to the fact that the signal was split equally suggests that it is
meta- positioned to both fluoro groups. Another triplet signal appears at 118.6 ppm (j)
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with a J value of 22.4 Hz, indicating that this carbon peak is ortho- to both fluoro groups,
and its lower intensity hints that it must also be the carbon bound to the carbonyl. The
final signal with any degree of splitting occurs at 112.9 ppm (l), where the doublet of
doublets has J values of 23.5 and 2.2 Hz, suggesting that the carbons associated with this
signal must be ortho- to one fluoro group and para- to the other. Much like the other
compounds shown in this section, the rest of the aromatic and double bond carbons are
calculated and verified using the same methods described above. Using both Figure 24
and Figure 25, the structure of the compound can be validated the identity of 50 can be
confirmed.

Figure 26: 1H NMR spectrum of 55.

The last chalcone to include in this section is one of the reverse analogs chosen
for this project. The compound of choice is 55, the reverse analog of 41. While 56 would
have a more interesting spectrum due to possessing the 2,6-difluoro functional group, 55
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is the ideal choice here as a way to directly compare its spectrum to that of 41. The
signature singlet peaks making up the trimethoxy groups are apparent here at 3.84 (a) and
3.95 ppm (b). Overall, it is interesting to note that in both cases, the trimethoxy peaks in
the reverse analogs are more upfield (if only slightly) than the rest of the chalcones, a
supposed result of having this functional group on Ring A. The double bond signals in
Figure 26 are found at 7.86 (e) and 8.12 ppm (d), with J values of 15.7 Hz, confirming
the trans-conformation. The double bond signal d is extremely overlapped with one of the
Ring B proton signals (f), appearing as a single signal with four peaks. The distinction
between the two can be made once it is known that the inner peaks at this chemical shift
integrate to two protons, and the outer peaks only integrate to one. This in addition to
their coupling constants makes their distinction rather simple. That being said, the Ring B
proton signals (f and g) are found at 8.12 and 8.31 ppm, respectively. Their average J
value of 8.8 Hz match that of ortho-coupling, confirming all signals to the unique protons
in 55.
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Figure 27: 13C NMR spectrum of 55.

The carbon peaks for 55 are displayed in Figure 27. The obvious peaks denoting
the methoxy groups and the carbonyl are found at 56.6 (b), 60.8 (a), and 188.6 ppm (g),
respectively. When compared to 41, the placement of the methoxy groups does not play
any particular role in their location on the 13C NMR spectrum. And just like previous
examples, the remaining aromatic and double bond carbons were calculated based on
proximal functional groups and verified via 13C NMR predictor. These allow for accurate
assignments for each peak as shown in Figure 27. And with that, the structure and
identity of 55 were confirmed and validated. The procedure highlighted above were
performed for the rest of the chalcones not shown in this section, and their
characterization data are fully detailed in the Experimental section.
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CONCLUSION

The project herein is considered to be a successful contribution to the field of
science, not only because of the results of this research, but also in affirming the idea that
competitive drug discovery can be practiced even in a smaller university program.
Depending on the technique, medicinal chemistry is often met with a substantially high
barrier of entry, usually either in terms of finances or sheer volume of chemicals needed
for screening. 1 Because of this, techniques like high-throughput screening can become
nigh impossible for a program lacking proper funding to compete with larger facilities.
Of course, utilizing privileged scaffolds such as chalcones are strategies to circumvent
these issues that smaller drug discovery programs often face. The starting materials are
rather inexpensive, and the resulting compounds are highly active towards many different
biological targets. However, this promiscuity can also be a detriment, as potential drugs
need to possess some degree of selectivity. 1 As a result of this, smaller drug discovery
programs using privileged scaffolds could be found at a natural disadvantage.
With that in mind, this project proves that smaller medicinal chemistry programs
are capable of keeping their competitive edge against larger facilities. The prime example
of this is the activity observed from trimethoxy chalcones towards oncogenic K-Ras.
Though it is no longer considered “undruggable,” 13 targeting K-Ras has been sought after
for many years, and it is only recently that certain agents (such as chalcones) have been
discovered to target this oncogenic protein. 6, 31 This project in particular discovered that
41 not only selectively mislocalizes oncogenic K-Ras, but also inhibits PDAC and
NSCLC in a PKCδ-dependent manner.62 No other study to date has realized the
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connection between chalcones and PKCδ activation, furthering the understanding on
what is known about targeting K-Ras. The results of this project are considered to be on
par with concurrent cancer research across the field of medicinal chemistry. The success
of this project proves that medicinal chemistry research does not need to require large
libraries of compounds or a large financial budget to have a powerful drug discovery
program. Any laboratory (no matter their size) can participate in meaningful medicinal
chemistry.
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EXPERIMENTAL

Melting points were tested in open capillary tubes using a Mel-Temp II melting
point apparatus and were compared to literature melting points where available. The 1H
and 13C NMR data were collected on a Bruker Avance 300.13 MHz NMR in acetone-d 6
solution. Chemical shifts are reported in δ (ppm) downfield from the internal standard
tetramethylsilane and coupling constants (J) are reported in Hz. Abbreviations for
splitting patterns in NMR spectra are as follows: s, singlet; d, doublet; dd, doublet of
doublets; t, triplet; dt, doublet of triplets; td, triplet of doublets; ddd, doublet of doublet of
doublets; tt, triplet of triplets; q, quartet, m, multiplet. GC/MS analysis was done with a
Hewlett-Packard 6890 Series GC coupled with a Hewlett-Packard 5973 mass-selective
quadrupole detector. Thin layer chromatography was performed on silica gel using
varying solvent systems.
In the case of 50 and 56, accurate mass measurements were performed on a 15T
Bruker SolariXR FT-ICR instrument in the Mass Spectrometry Facility of Campus
Chemical Instrument Center at the Ohio State University. Electrospray ionization (ESI)
was used with standard operating conditions of an Apollo II source. Samples were
dissolved in acetonitrile and water in a 1:1 ratio with the concentration range of about 5
µM. The instrument resolution was set to 300,000 (at m/z 400). The accuracy of mass
measurements was < 0.2 ppm in both cases.
1-(4-Nitrophenyl)-3-(3,4,5-trimethoxyphenyl)prop-2-en-1-one (41)
To a vial equipped with a stir bar and containing ethanol (8 mL) was added 3,4,5trimethoxybenzaldehyde (0.4925 g, 2.51 mmol) and stirred at rt for 15 minutes to
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effect near complete dissolution. At that time, 10% NaOH (1 mL) was added slowly
dropwise changing the clear solution to a pale-yellow color. The mixture was then
placed in an ice bath and 4-nitroacetophenone (0.4162 g, 2.52 mmol) as a
suspension in ethanol (2.5 mL) was added slowly, turning the solution to a dark red
color with an orange precipitate. The solution was allowed to react overnight and
was filtered by vacuum filtration to provide the precipitate (0.6563 g) as a dark yellow solid. The sample was recrystallized in ethyl acetate (10 mL) to afford the
filtrate (0.2981 g) as a light-orange compound. The sample was then recrystallized
in ethanol (10 mL) to afford the product (0.2283 g, 27%) as a yellow solid: mp 153 155ºC (lit. mp 69 158-160ºC); Rf 0.73 (1:1 EtOAc/Hexane); GC/MS at 100.0% pure
(M+ 343.2); 1H NMR (300.13 MHz, CD 3COCD3) δ: 3.81 (s, 3H, OCH 3), 3.92 (s,
6H, OCH3), 7.22 (s, 2H, Ar-H), 7.78 (d, J = 15.6 Hz, 1H, α-H), 7.85 (d, J = 15.6
Hz, 1H, β-H), 8.32 (d, J = 8.8 Hz, 2H, Ar-H), 8.40 (d, J = 8.8 Hz, 2H, Ar-H); 13C
NMR (75 MHz, CD3COCD3) δ: 189.2, 154.7, 151.1, 147.0, 144.1, 142.0, 131.1,
130.5, 124.6, 121.7, 107.5, 60.7, 56.6 ppm.
1-(2-Pyridyl)-3-(3,4,5-trimethoxyphenyl)prop-2-en-1-one (42)
To a vial equipped with a stir bar and containing ethanol (8 mL) was added 3,4,5trimethoxybenzaldehyde (0.4906 g, 2.5 mmol) and the mixture was stirred at rt for 15
minutes to effect near complete dissolution. At that time, 10% NaOH (1 mL) was added
slowly dropwise, changing the clear solution to a pale-yellow color. The sample was
placed in an ice bath and 2-acetyl pyridine (280 µL, 2.5 mmol) was added slowly
dropwise, turning the solution to a bright yellow color. After 4 hours, the solution was
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filtered by vacuum filtration to provide the product (0.4605 g, 62%) as a bright yellow
solid: mp 156-157ºC (lit. mp 70 115ºC); Rf 0.58 (1:1 EtOAc/Hexane); GC/MS at 96.7%
pure (M+ 299.1); 1H NMR (300.13 MHz, CD 3COCD3) δ 3.81 (s, 3H, -OCH3), 3.95 (s,
6H, -OCH3), 7.16 (s, 2H, Ar-H), 7.66 (ddd, J = 7.5 Hz, 4.7 Hz, 1.3 Hz, 1H, Ar-H), 7.84
(d, J = 16.0 Hz, 1H, α-H), 8.04 (td, J = 7.7 Hz, 1.7 Hz, 1H, Ar-H), 8.15 (dt, J = 7.9 Hz,
1.1 Hz, 1H, Ar-H), 8.26 (d, J = 16.0 Hz, 1H, β-H), 8.79 (ddd, J = 4.7 Hz, 1.6 Hz, 0.9 Hz,
1H, Ar-H); 13C NMR (75 MHz, CD3COCD3) δ: 189.5, 155.2, 154.7, 149.9 145.2, 141.7,
138.2, 131.6, 128.0, 123.3, 120.9, 107.2, 60.7, 56.6 ppm.
1-(2,4,6-Trimethoxyphenyl)-3-(4-nitrophenyl)prop-2-en-1-one (44)
To a vial equipped with a stir bar and containing ethanol (5 mL) was added 4nitrobenzaldehyde (0.3800 g, 2.51 mmol) and stirred at rt for 15 minutes to effect near
complete dissolution. At that time, 10% NaOH (1 mL) was added slowly with no
observable color change. At that point, 2,4,6-trimethoxyacetophenone (0.5256 g, 2.50
mmol) as a suspension in ethanol (5 mL) was added slowly, turning the solution to a
yellow color. The solution was allowed to react overnight and was filtered by vacuum
filtration to afford the product (0.4927 g, 57%) as a yellow solid: mp 173-175ºC (lit. mp 71
159ºC); Rf 0.70 (1:1 EtOAc/Hexane); GC/MS at 98.8% pure (M+ 343.1); 1H NMR
(300.13 MHz, CD3COCD3) δ: 3.79 (s, 6H, -OCH3), 3.89 (s, 3H, -OCH3), 6.33 (s, 2H, ArH), 7.15 (d, J = 16.2 Hz, 1H, α-H), 7.44 (d, J = 16.2 Hz, 1H, β-H), 7.96 (d, J = 8.7 Hz,
2H, Ar-H), 8.27 (d, J = 8.8 Hz, 2H, Ar-H); 13C NMR (75 MHz, CD3COCD3) δ: 192.9,
163.8, 159.9, 149.3, 142.6, 140.5, 133.7, 130.0, 124.8, 112.4, 91.8, 56.3, 55.9 ppm.
1-(4-Fluorophenyl)-3-(4-dimethylaminophenyl)prop-2-en-1-one (48)
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To a vial equipped with a stir bar and containing ethanol (2.5 mL) was added 4 dimethylaminobenzaldehyde (0.3727 g, 2.50 mmol) and stirred at rt for 15 minutes to
effect near complete dissolution. At that time, 40% NaOH (1 mL) was added slowly
dropwise with no observable color change. At that point, 4-fluoroacetophenone (300 µL,
2.50 mmol) dissolved in ethanol (2.5 mL) was added slowly, resulting in no immediate
color change. The solution was allowed to react overnight and was filtered by vacuum
filtration to provide the precipitate (0.5593 g). The sample was triturated with ethanol (5
mL) to afford the product (0.4027 g, 60%) as a yellow solid: mp 117-118 °C (lit. mp 72
117-118°C); Rf 0.57 (30:70 EtOAc/Hexane); GC/MS at 100 % pure (M+ 269.1); 1HNMR (300.13 MHz, CDCl3) δ: 3.05 (s, 6H, -N(CH3)2), 6.70 (d, J = 8.9 Hz, 2H, Ar-H),
7.17 (dd, J = 8.6 Hz, 8.7 Hz, 2H, Ar-H), 7.32 (d, J = 15.4 Hz, 1H, -H), 7.56 (d, J = 9.0
Hz, 2H, Ar-H), 7.82 (d, J = 15.4 Hz, 1H, -H), 8.05 (dd, J = 5.5 Hz, 8.9 Hz, 2H, Ar-H);
13C

NMR (75 MHz, CDCl3) δ: 188.9, 165.2 (d, J = 253.2 Hz), 152.1, 135.4 (d, J = 3.2

Hz), 130.8 (d, J = 9.1 Hz), 130.5, 122.5, 116.3, 115.5 (d, J = 21.8 Hz), 111.8, 40.1 ppm.
1-(4-Aminophenyl)-3-(3,4,5-trimethoxyphenyl)-2-propen-1-one (49)
To a vial equipped with a stir bar and containing ethanol (2.5 mL) was added 3,4,5 trimethoxybenzaldehyde (0.4909 g, 2.5 mmol) and the mixture was stirred at 62°C for 5
minutes to ensure a homogenous solution. At that time, 10% NaOH (1 mL) was added
slowly, changing the clear solution to a bright yellow color. The solution was allowed to
stir for 5 minutes whereupon 4-aminoacetophenone (0.3374 g, 2.5 mmol) dissolved in
ethanol (2.5 mL) was added, resulting in an immediate yellow color change. The solution
was allowed to react overnight and was filtered by vacuum filtration to provide the
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product (0.5149 g, 65.8%) as a bright-yellow solid: mp 153-154ºC (lit mp 73 156-158°C );
Rf 0.30 (1:1 EtOAc/Hexane); GC/MS at 98.4% pure (M+ 334.2). 1H NMR (300.13 MHz,
CD3COCD3) δ: 3.79 (s, 3H, -OCH3), 3.91 (s, 6H, -OCH3), 5.56 (s, 2H, -NH2), 6.75 (d, J
= 8.8 Hz, 2H, Ar-H), 7.14 (s, 2H, Ar-H), 7.65 (d, J = 15.5 Hz, 1H, α-H), 7.80 (d, J = 15.5
Hz, 1H, β-H), 7.96 (d, J = 8.7 Hz, 2H, Ar-H); 13C NMR (75 MHz, CD3COCD3) δ: 187.1,
154.6, 154.2, 143.0, 141.1, 132.0, 131.8, 127.9, 122.3, 114.0, 106.9, 60.7, 56.6 ppm.
1-(2,6-Difluorophenyl)-3-(3,4,5-trimethoxyphenyl)prop-2-en-1-one (50)
To a vial equipped with a stir bar and containing ethanol (8 mL) was added 3,4,5trimethoxybenzaldehyde (0.5091 g, 2.6 mmol) and the mixture was stirred at rt for 15
minutes to effect near complete dissolution. At that time, 10% NaOH (1 mL) was added
slowly dropwise changing the clear solution to a pale-yellow color. After 20 minutes, the
vial was placed in an ice bath and 2,6-difluoroacetophenone (330 µL, 2.5 mmol) was
added slowly dropwise, resulting in a bright yellow color. After 40 minutes, the solution
was filtered by vacuum filtration to provide the product (0.6020 g) as a pale-yellow solid.
The product was triturated with ethanol (16 mL) to provide the product (0.3008 g, 36%)
as a yellow solid: mp 124-126ºC (no lit. mp); Rf 0.50 (DCM); GC/MS at 99% pure (M+
334.1, confirmed by high-resolution mass spectrometry); 1H NMR (300.13 MHz,
CD3COCD3) δ: 3.79 (s, 3H, OCH 3), 3.89 (s, 6H, OCH 3) 7.13 (s, 2H, 2-H), 7.18 (d, J =
16.1 Hz, 1H, α-H), 7.18-7.18 (m, 2H, 3`-H), 7.49 (d, J = 16.1 Hz, 1H, β-H), 7.63 (tt, J =
6.5 Hz, 8.5 Hz, 1H, 4`-H); 13C NMR (75 MHz, CD3COCD3) δ: 188.3, 160.4 (dd, J =
249.0 Hz, 8.0 Hz), 154.7, 148.6, 142.1, 133.1 (t, J = 10 Hz), 130.5, 127.6, 118.6 (t, J =
22.4 Hz), 112.9 (dd, J = 23.5 Hz, 2.2 Hz), 107.4, 60.7, 56.5 ppm.
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1-(4-Fluorophenyl)-3-(3,4,5-trimethoxyphenyl)prop-2-en-1-one (51)
To a vial equipped with a stir bar and containing ethanol (8 mL) was added 3,4,5trimethoxybenzaldehyde (0.4948 g, 2.5 mmol) and stirred at rt for 25 minutes to effect
near complete dissolution. At that time, 10% NaOH (1 mL) was added slowly dropwise,
changing the clear solution to a cloudy white color. The solution was placed in an ice
bath and 4-fluoroacetophenone (300 µL, 2.5 mmol) was added slowly dropwise, turning
the solution to a bright yellow color. After 30 minutes, the solution was filtered by
vacuum filtration to provide the product (0.5308 g, 67%) as a white solid: mp 97 -99ºC
(lit. mp 61 108-109ºC); Rf 0.80 (1:1 EtOAc/Hexane)GC/MS at 100% pure (M+ 316.1); 1H
NMR (300.13 MHz, CD 3COCD3) δ 3.79 (s, 3H, OCH 3), 3.91 (s, 6H, OCH 3), 7.20 (s, 2H,
Ar-H), 7.31 (t, J = 8.9 Hz, 2H, Ar-H), 7.74 (d, J = 15.6 Hz, 1H, α-H), 7.84 (d, J = 15.5
Hz, 1H, β-H), 8.22 (dd, J = 5.5 Hz, 9.0 Hz, 2H, Ar-H); 13C NMR (75 MHz, CD3COCD3)
δ: 188.5, 166.4 (d, J = 251.8 Hz), 154.6, 145.6, 141.6, 135.8 (d, J = 2.8 Hz), 132.2 (d, J =
9.3 Hz), 131.4, 121.7, 116.4 (d, J = 22.0 Hz), 107.2, 60.7, 56.6 ppm.
1-(4-Bromophenyl)-3-(3,4,5-trimethoxyphenyl)prop-2-en-1-one (52)
To a vial equipped with a stir bar and containing ethanol (8 mL) was added 3,4,5trimethoxybenzaldehyde (0.4903 g, 2.50 mmol) and was stirred at rt for 15 minutes to
effect near complete dissolution. At that time, 10% NaOH (1 mL) was added slowly
dropwise, turning the clear solution to a pale-yellow color. The solution was then placed
in an ice bath and 4-bromoacetophenone (0.5014 g, 2.52 mmol) dissolved in ethanol (2.5
mL) was poured slowly, with no initial color change observed. The solution was allowed
react overnight and was filtered by vacuum filtration to afford the precipitate (0.8015 g)
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as a pale-yellow solid. The solution was recrystallized in ethanol (20 mL) to afford the
product (0.4865, 1.29 mmol, 51.8%) as a white solid: mp 125-127°C (lit. mp 74 125°C); Rf
0.60 (70:30 Hexane/EtOAc); GC/MS at 100% pure (M+ 376.0); 1H NMR (300.13 MHz,
CD3COCD3) δ 3.80 (s, 3H, -OCH3), 3.91 (s, 6H, -OCH3), 7.20 (s, 2H, Ar-H), 7.75 (d, J =
8.7 Hz, 2H, Ar-H), 7.75 (d, J = 15.5 Hz, 1H, α-H), 7.81(d, J = 15.6 Hz, 1H, β-H), 8.06 (d,
J = 8.7 Hz, 2H, Ar-H) ; 13C NMR (75 MHz, CD3COCD3) δ: 189.0, 154.7, 145.9, 141.7,
138.2, 132.7, 131.3, 131.2, 128.0, 121.6, 107.3, 60.7, 56.6 ppm.
1-(4-Methoxyphenyl)-3-(3,4,5-trimethoxyphenyl)prop-2-en-1-one (53)
To a vial equipped with a stir bar and containing ethanol (8 mL) was added 3,4,5trimethoxybenzaldehyde (0.4951 g, 2.5 mmol) and the mixture was stirred at rt for 15
minutes to effect near complete dissolution. At that time, 10% NaOH (1 mL) was added
slowly, changing to a pale-yellow color. The vial was then placed in an ice bath and 4methoxyacetophenone (0.3767 g, 2.5 mmol) as a suspension in ethanol (2.5 mL) was
added slowly dropwise, turning the solution to a light-yellow color. The solution was
allowed to react overnight and was filtered by vacuum filtration to provide the product
(0.5943 g, 72%) as a pale-yellow solid: mp 129-130ºC (lit mp 75 131.1-132.5°C); Rf 0.77
(1:1 EtOAc/Hexane); GC/MS at 98.7% pure (M+ 328.2). 1H NMR (300.13 MHz,
CD3COCD3) δ 3.79 (s, 3H, -OCH3), 3.91 (s, 3H -OCH3), 3.92 (s, 6H, -OCH3), 7.07 (d, J
= 8.9 Hz, 2H, Ar-H), 7.18 (s, 2H, Ar-H), 7.71 (d, J = 15.5, 1H, α-H), 7.84 (d, J = 15.5,
1H, β-H), 8.14 (d, J = 9.0 Hz, 2H, Ar-H); 13C NMR (75 MHz, CD3COCD3) δ: 188.1,
164.4, 154.6, 144.4, 132.1, 131.6, 131.5, 122.0, 114.7, 107.1, 60.7, 56.6, 55.9 ppm.
1-(4-(Dimethylamino)phenyl)-3-(3,4,5-trimethoxyphenyl)-2-propen-1-one (54)
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To a vial equipped with a stir bar and containing ethanol (2.5 mL) was added 3,4,5 trimethoxybenzaldehyde (0.4907 g, 2.5 mmol) and the mixture was stirred at 62°C for 10
minutes to full dissolution. At that time, 10% NaOH (1 mL) was added slowly, changing
to a bright yellow color. The solution was allowed to stir for 5 minutes whereupon 4dimethylaminoacetophenone (0.4081 g, 2.5 mmol) dissolved in ethanol (2.5 mL) solution
was added slowly, with no change in color observed. After two hours, the solution was
filtered by vacuum filtration to provide the product (0.3974 g, 46.6 %) as a brigh t yellow
solid: mp 140-142°C (lit. mp 53 159-160°C); Rf 0.49 (1:1 EtOAc/Hexane); GC/MS at
96.7% pure (M+ 341.2); 1H NMR (300.13 MHz, CD 3COCD3) δ: 3.08 (s, 6H, -N(CH3)2),
3.79 (s, 3H, -OCH3), 3.92 (s, 6H, -OCH3), 6.77 (d, J = 9.1 Hz, 2H, Ar-H), 7.15 (s, 2H,
Ar-H), 7.66 (d, J = 15.5 Hz, 1H, α-H), 7.83 (d, J = 15.5 Hz, 1H, β-H), 8.05 (d, J = 9.1 Hz,
2H, Ar-H); 13C NMR (75 MHz, CD3COCD3) δ: 187.1, 154.6, 154.5, 143.0, 141.0, 132.0,
131.4, 127.0, 122.3, 111.7, 106.8, 60.7, 56.6, 40.1 ppm.
1-(3,4,5-Trimethoxyphenyl) 3-(4-nitrophenyl)-2-propen-1-one (55)
To a vial equipped with a stir bar and containing ethanol (2.5 mL) was added 4 nitrobenzaldehyde (0.3779 g, 2.5 mmol) and the mixture was stirred at rt for 15 minutes
to effect full dissolution. At that time, 10% NaOH (1 mL) was added slowly, resulting in
no immediate color change. The sample was then stirred in an ice bath whereupon 3,4,5 trimethoxyacetophenone (0.5256 g, 2.5 mmol) as a suspension in ethanol (2.5 mL), was
added, resulting in no immediate color change. The solution was allowed to react
overnight and was filtered by vacuum filtration to provide the product (0.4324 g, 50.4 %)
as a dark yellow solid. The product was recrystallized with ethanol (15 mL) to afford the
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product (0.3653g, 42.6 %) as a dark yellow solid: mp 189-190 °C (lit. mp 53 190-191°C);
Rf 0.5 (60:40 Hexane/EtOAc); GC/MS at 98.9% pure (M+ 343.2); 1H NMR (300.13
MHz, CD3COCD3) δ 3.84 (s, 3H, -OCH3), 3.95 (s, 6H, -OCH3), 7.50 (s, 2H, Ar-H), 7.86
(d, J = 15.7 Hz, 1H, α-H), 8.12 (d, J = 8.7 Hz, 2H, Ar-H), 8.12 (d, J = 15.7 Hz, 1H, β-H),
8.31 (d, J = 8.9 Hz, 2H, Ar-H); 13C NMR (75 MHz, CD3COCD3) δ: 188.6, 154.4, 142.4,
133.9, 130.5, 126.8, 124.8, 107.4, 60.8, 56.8 ppm.
1-(3,4,5-Trimethoxyphenyl)-3-(2,6-difluorophenyl)prop-2-en-1-one (56)
To a vial equipped with a stir bar and containing ethanol (2.5 mL) was added 2,6difluorobenzaldehyde (270 µL, 2.5 mmol) and the mixture was stirred at rt for five
minutes to ensure a homogenous solution. At that time, 10% NaOH (1 mL) was added
slowly, changing to a bright yellow color. The vial was then placed in an ice bath
whereupon 3,4,5-trimethoxyacetophenone (0.5277 g, 2.51 mmol) as a suspension in
ethanol (2.5 mL) was added slowly, resulting in no immediate color change. The solution
was allowed to react overnight and was filtered by vacuum filtration to provide the
product (0.5620 g, 67.3%) as a bright-yellow solid: mp 55-57ºC (no lit mp available); Rf
0.74 (1:1 EtOAc/Hexane); GC/MS at 100.0% pure (M+ 334.2, confirmed by highresolution mass spectrometry). 1H NMR (300.13 MHz, CD3COCD3) δ 3.98 (s, 3H,-OCH3),

4.08 (s, 6H, -OCH3), 7.30 (t, J = 8.8 Hz, 2H, Ar-H), 7.53 (s, 2H, Ar-H), 7.69 (tt, J =

6.5 Hz, 8.4 Hz, 1H, Ar-H), 7.92 (d, J = 16.0 Hz, 1H, α-H), 8.04 (d, J = 16.0 Hz, 1H, β-H)
; 13C NMR (75 MHz, CD3COCD3) δ: 188.9, 162.6 (dd, J = 6.7 Hz, 253.3 Hz), 154.4,
143.9, 133.8, 132.9 (t, J = 11.0 Hz), 130.0, 128.6 (t, J = 7.9 Hz), 113.6, 113.0 (dd, J = 2.3
Hz, 13.3 Hz), 107.1, 60.8, 56.7 ppm.
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1-(3,4,5-Trimethoxyphenyl)-3-(4-dimethylamino)prop-2-en-1-one (69)
To a vial equipped with a stir bar and containing ethanol (2.5 mL) was added 4 dimethylaminobenzaldehyde (0.1519 g, 1.02 mmol) and stirred at rt for 10 minutes to
ensure a homogeneous solution. At that time, 10% NaOH (1 mL) was added slowly
dropwise with no observable color change. At that point, 3,4,5-trimethoxyacetophenone
(0.2108 g, 1.00 mmol) dissolved in ethanol (2.5 mL) was added slowly, turning the
solution a dark-yellow color. The solution was allowed to react overnight and was filtered
by vacuum filtration to afford the product (0.1792 g, 52%) as a yellow solid: mp 120 122ºC (lit. mp 55 148-149ºC); Rf 0.74 (1:1 EtOAc/Hexane); GC/MS at 100.0% pure (M+
341.1); 1H NMR (300.13 MHz, CD3COCD3) δ: 3.05 (s, 6H, -N(CH3)2), 3.83 (s, 3H, OCH3), 3.94 (s, 6H, -OCH3), 6.77 (d, J = 9.0 Hz, 2H, Ar-H), 7.44 (s, 2H, Ar-H), 7.62 (d,
J = 15.4 Hz, 1H, α-H), 7.66 (d, J = 9.3 Hz, 2H, Ar-H), 7.76 (d, J = 15.4 Hz, 1H, β-H); 13C
NMR (75 MHz, CD3COCD3) δ: 188.5, 154.3, 153.2, 145.7, 143.1, 135.2, 131.3, 123.6,
117.1, 112.7, 106.8, 60.7, 56.6, 40.2 ppm.
1-(3,4,5-Trimethoxyphenyl)-3-(4-fluorophenyl)prop-2-en-1-one (75)
To a vial equipped with a stir bar and containing ethanol (2.5 mL) was added 4 fluorobenzaldehyde (270 µL, 2.52 mmol) and stirred at rt for 15 minutes to ensure a
homogeneous solution. At that time, 10% NaOH (1 mL) was added slowly dropwise
changing the clear solution to a pale-yellow color. The mixture was then placed in an ice
bath and 3,4,5-trimethoxyacetophenone (0.5256 g, 2.50 mmol) as a suspension in ethanol
(2.5 mL) was added slowly, turning the solution a solid white color. The solution was
allowed to react for 10 minutes and was filtered by vacuum filtration to provide the
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precipitate (0.5982 g) as a white solid. The sample was then recrystallized in ethanol (15
mL) afford the product (0.1725 g, 21%) as a white solid: mp 119-121ºC (lit. mp 55 115117ºC); Rf 0.87 (1:1 EtOAc/Hexane); GC/MS at 99.9% pure (M+ 316.1); 1H NMR
(300.13 MHz, CDCl3) δ: 3.95 (s, 3H, -OCH3), 3.96 (s, 6H, -OCH3), 7.13 (t, J = 8.6 Hz,
2H, Ar-H), 7.28 (s, 2H, Ar-H), 7.42 (d, J = 15.6 Hz, 1H, α-H), 7.66 (t, J = 3.3 Hz, 8.7 Hz,
2H, Ar-H), 7.80 (d, J = 15.6 Hz, 1H, β-H).
1-(3,4,5-Trimethoxyphenyl)-3-(4-bromophenyl)prop-2-en-1-one (76)
To a vial equipped with a stir bar and containing ethanol (2.5 mL) was added 4 bromobenzaldehyde (0.4627 g, 2.50 mmol) and stirred at rt for 15 minutes to effect near
complete dissolution. At that time, 10% NaOH (1 mL) was added slowly dropwise with
no observable color change. At that point, 3,4,5-trimethoxyacetophenone (0.5255 g, 2.50
mmol) as a suspension in ethanol (2.5 mL) was added slowly, turning the solution a
yellow color. The solution was allowed to react overnight and was filtered by vacuum
filtration to afford the product (0.5739 g, 61%) as a yellow solid: mp 100 -101ºC (lit. mp 55
123-124ºC); Rf 0.50 (30:70 EtOAc/Hexane); GC/MS at 100.0% pure (M+ 376.0); 1H
NMR (300.13 MHz, CD 3COCD3) δ: 3.84 (s, 3H, -OCH3), 3.94 (s, 6H, -OCH3), 7.47 (s,
2H, Ar-H), 7.64 (d, J = 8.6 Hz, 2H, Ar-H), 7.75 (d, J = 14.6 Hz, 1H, α-H), 7.79 (d, J =
8.3 Hz, 2H, Ar-H), 7.95 (d, J = 15.6 Hz, 1H, β-H); 13C NMR (75 MHz, CD3COCD3) δ:
188.6, 154.4, 143.7, 143.1, 135.4, 134.2, 132.9, 131.3, 124.8, 123 .6, 107.2, 60.7, 56.7
ppm.
1-(3,4,5-Trimethoxyphenyl)-3-(4-methoxyphenyl)prop-2-en-1-one (77)
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To a vial equipped with a stir bar and containing ethanol (2.5 mL) was added 4 methoxybenzaldehyde (305 µL, 2.50 mmol) and stirred at rt for 10 minutes to ensure a
homogeneous solution. At that time, 10% NaOH (1 mL) was added slowly dropwise
changing the clear solution to a pale-yellow color. The mixture was then placed in an ice
bath and 3,4,5-trimethoxyacetophenone (0.5261 g, 2.50 mmol) as a suspension in ethanol
(2.5 mL) was added slowly, resulting in no immediate color change. The solution was
allowed to react overnight and was filtered by vacuum filtration to afford the product
(0.5335 g, 65%) as a bright-yellow solid: mp 88-90ºC (lit. mp 76 81-82ºC); Rf 0.57 (1:1
EtOAc/Hexane); GC/MS at 99.9% pure (M+ 328.2); 1H NMR (300.13 MHz,
CD3COCD3) δ: 3.83 (s, 3H, -OCH3), 3.86 (s, 3H, -OCH3), 3.93 (s, 6H, -OCH3), 7.00 (d, J
= 8.9 Hz, 2H, Ar-H), 7.46 (s, 2H, Ar-H), 7.76-7.78 (m, 4H, Ar-H); 13C NMR (75 MHz,
CD3COCD3) δ: 188.7, 162.7, 154.3, 144.6, 143.4, 134.7, 131.6, 128.7, 120.3, 115.2,
107.0, 60.7, 56.7, 55.8 ppm.
1-(4-Methoxyphenyl)-3-(4-trifluoromethylphenyl)prop-2-en-1-one (78)
To a vial equipped with a stir bar and containing ethanol (2.5 mL) was added 4 trifluoromethylbenzaldehyde (341 µL, 2.50 mmol) and stirred at rt for 10 minutes to
ensure a homogeneous solution. At that time, 10% NaOH (1 mL) was added slowly
dropwise changing the clear solution to a cloudy-white color. At that point, 4methoxyacetophenone (0.3755 g, 2.50 mmol) dissolved in ethanol (2.5 mL) was added
slowly, resulting in no immediate color change. The solution was allowed to react
overnight and was filtered by vacuum filtration to afford the product (0.2915 g, 38%) as a
white solid: mp 133-135ºC (lit. mp 50 133-135ºC); Rf 0.53 (1:1 EtOAc/Hexane); GC/MS
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at 100.0% pure (M+ 306.1); 1H NMR (300.13 MHz, CD 3COCD3) δ: 3.92 (s, 3H, -OCH3),
7.10 (d, J = 9.0 Hz, 2H, Ar-H), 7.80 (d, J = 8.2 Hz, 2H, Ar-H), 7.81 (d, J = 15.4 Hz, 1H,
α-H), 8.05 (d, J = 15.8 Hz, 1H, β-H), 8.06 (d, J = 8.1 Hz, 2H, Ar-H), 8.20 (d, J = 9.0 Hz,
2H, Ar-H); 13C NMR (75 MHz, CD3COCD3) δ: 188.0, 164.7, 141.9, 140.1, 131.8, 131.7
(apparent d, J = 32.7 Hz), 131.6, 129.9, 126.6 (q, J = 3.9 Hz), 125.5, 125.2 (apparent d, J
= 271 Hz), 114.8, 56.0 ppm.
1-(4-Trifluoromethylphenyl)-3-(4-methoxyphenyl)prop-2-en-1-one (79)
To a vial equipped with a stir bar and containing ethanol (2.5 mL) was added 4 methoxybenzaldehyde (300 µL, 2.47 mmol) and stirred at rt for 10 minutes to ensure a
homogeneous solution. At that time, 10% NaOH (1 mL) was added slowly dropwise
changing the clear solution to a pale-yellow color. The mixture was then placed in an ice
bath and 4-trifluoromethylacetophenone (0.4705 g, 2.50 mmol) as a suspension in ethanol
(2.5 mL) was added slowly, turning the solution a cloudy-white color. The solution was
allowed to react overnight and was filtered by vacuum filtration to afford the product
(0.6138 g, 80%) as a white solid: mp 105-107ºC (lit. mp 77 112-114ºC); Rf 0.73 (30:70
EtOAc/Hexane); GC/MS at 100.0% pure (M+ 306.1); 1H NMR (300.13 MHz,
CD3COCD3) δ: 3.88 (s, 3H, -OCH3), 7.04 (d, J = 8.8 Hz, 2H, Ar-H), 7.75 (d, J = 15.6 Hz,
1H, α-H), 7.83 (d, J = 15.5 Hz, 1H, β-H), 7.83 (d, J = 8.9 Hz, 2H, Ar-H), 7.91 (d, J = 8.2
Hz, 2H, Ar-H), 8.32 (d, J = 8.1 Hz, 2H, Ar-H); 13C NMR (75 MHz, CD3COCD3) δ:
189.3, 163.1, 146.1, 142.6, 133.9 (apparent d, J = 32.3 Hz), 131.6, 129.9, 128.4, 126.5 (q,
J = 3.8 Hz), 125.0 (apparent d, J = 272.0 Hz), 120.1, 115.3, 55.8 ppm.
1-(4-Methoxyphenyl)-3-(4-fluorophenyl)prop-2-en-1-one (80)
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To a vial equipped with a stir bar and containing ethanol (2.5 mL) was added 4fluorobenzaldehyde (270 µL, 2.52 mmol) and stirred at rt for 15 minutes to ensure a
homogeneous solution. At that time, 10% NaOH (1 mL) was added slowly dropwise
changing the clear solution to a pale-yellow color. The mixture was then placed in an ice
bath and 4-methoxyacetophenone (0.3753 g, 2.50 mmol) dissolved in ethanol (2.5 mL)
was added slowly, turning the solution to a solid white color. The solution was allowed to
react overnight and was filtered by vacuum filtration to afford the product (0.6008 g,
94%) as a white solid: mp 112-114ºC (lit. mp 78 102-105ºC); Rf 0.65 (30:70
EtOAc/Hexane); GC/MS at 100.0% pure (M+ 256.1); 1H NMR (300.13 MHz,
CD3COCD3) δ: 3.91 (s, 3H, -OCH3), 7.08 (d, J = 9.0 Hz, 2H, Ar-H), 7.24 (t, J = 8.8 Hz,
2H, Ar-H), 7.76 (d, J = 15.6 Hz, 1H, α-H), 7.87 (d, J = 15.5 Hz, 1H, β-H), 7.91 (dd, J =
8.7 Hz, 5.5 Hz, 2H, Ar-H), 8.17 (d, J = 9.0 Hz, 2H, Ar-H); 13C NMR (75 MHz,
CD3COCD3) δ: 188.0, 164.7 (d, J = 248.0 Hz), 164.5, 142.6, 132.8 (d, J = 3.4 Hz), 131.9,
131.6, 131.6 (d, J = 8.4 Hz), 122.8, 122.7, 116.7 (d, J = 22.0 Hz), 114.7, 56.0 ppm.
1-(2-Methoxyphenyl)-3-(6-methoxynaphthyl)prop-2-en-1-one (81)
To a vial equipped with a stir bar and containing ethanol (2.5 mL) was added 6 -methoxy2-naphthaldehyde (0.1865 g, 1.00 mmol) and stirred at 62°C for 15 minutes to effect
complete dissolution. At that time, 10% NaOH (1 mL) was added slowly dropwise with
no observable color change. At that point, 2-methoxyacetophenone (140 µL, 1.02 mmol)
dissolved in ethanol (2.5 mL) was added slowly, resulting in no immediate color change.
The solution was allowed to react for four hours and was filtered by vacuum filtratio n to
provide the precipitate (0.5593 g). The sample was triturated with ethanol (5 mL) to
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afford the product (0.1331 g, 42%) as a yellow solid: mp 100-101 ºC (no lit. mp); Rf 0.89
(70:30 EtOAc/Hexane); GC/MS at 95.8 % pure (M+ 318.2); 1H NMR (300.13 MHz,
CDCl3) δ: 3.93 (s, 3H, -OCH3), 3.95 (s, 3H, -OCH3), 7.03 (d, J = 8.2 Hz, 1H, Ar-H), 7.07
(td, J = 0.9 Hz, J = 7.5 Hz, 1H, Ar-H), 7.15 (d, J = 2.5 Hz, 1H, Ar-H), 7.18 (dd, J = 8.8
Hz, 2.5 Hz, 1H, Ar-H), 7.44 (d, J = 15.9 Hz, 1H, α-H), 7.51 (ddd, J = 7.9 Hz, 1.8 Hz, 1.0
Hz, 1H, Ar-H), 7.65 (dd, J = 7.6 Hz, 1.8 Hz, 1H, Ar-H), 7.74 (m, 3H, Ar-H), 7.80 (d, J =
4.3 Hz, 1H, Ar-H), 7.91 (s, 1H, Ar-H); 13C-NMR (75 MHz, CDCl3) δ: 193.2, 158.8,
158.0, 143.9, 135.8, 132.7, 130.5, 130.3, 130.3, 130.2, 129.5, 128.7, 126.3, 124.5, 120.7,
119.4, 111.7, 106.0, 55.8, 55.4 ppm.
1-(2,4,6-Trimethoxyphenyl)-3-(6-methoxynapthyl)prop-2-en-1-one (82)
To a vial equipped with a stir bar and containing ethanol (2.5 mL) was added 6 -methoxy2-naphthaldehyde (0.1863 g, 1.00 mmol) and stirred at 62°C for 20 minutes to effect
complete dissolution. At that time, 10% NaOH (1 mL) was added slowly dropwise with
no observable color change. At that point, 2,4,6-trimethoxyacetophenone (0.2101 g, 1.00
mmol) dissolved in ethanol (2.5 mL) was added slowly, resulting in no immediate color
change. The solution was allowed to react for four hours and was filtered by vacuum
filtration to afford the product (0.2706 g, 71.5%) as a bright-yellow solid: mp 160ºC (no
lit. mp); Rf 0.77 (50:50 EtOAc/Hexane); GC/MS at 98.9 % pure (M + 378.2); 1H NMR
(300.13 MHz, CDCl3) δ: 3.79 (s, 6H, -OCH3), 3.88 (s, 3H, -OCH3), 3.92 (s, 3H, -OCH3),
6.20 (s, 2H, Ar-H), 7.06 (d, J = 16.0 Hz, 1H, α-H), 7.12 (d, J = 2.4 Hz, 1H, Ar-H), 7.15
(dd, J = 2.4 Hz, J = 8.7 Hz, Ar-H), 7.52 (d, J = 16.0 Hz, 1H, β-H), 7.69 (m, 3H, Ar-H),
7.82 (s, 1H, Ar-H); 13C-NMR (75 MHz, CDCl3) δ: 194.4, 164.4, 158.8, 144.7, 135.7,
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130.4, 130.1, 103.1, 128.7, 128.3, 127.4, 124.5, 119.4, 111.9, 106.0, 90.8, 77.1, 55.9,
55.5, 55.4 ppm.
1-(4-Aminophenyl)-3-(2,5-difluorophenyl)prop-2-en-1-one (83)
To a vial equipped with a stir bar and containing ethanol (2.5 mL) was added 2,5difluorobenzaldehyde (270 µL, 2.48 mmol) and stirred at rt for 10 minutes to ensure a
homogeneous solution. At that time, 10% NaOH (1 mL) was added slowly dropwise
changing the clear solution to a pale-yellow color. The mixture was then placed in an ice
bath and 4-aminoacetophenone (0.3400 g, 2.52 mmol) dissolved in ethanol (2.5 mL) was
added slowly, resulting in no immediate color change. The solution was allowed to react
overnight and was filtered by vacuum filtration to afford the product (0.4461 g, 69%) as a
bright-yellow solid: mp 145-147ºC (no lit. mp); Rf 0.70 (1:1 EtOAc/Hexane); GC/MS at
100.0% pure (M+ 259.1); 1H NMR (300.13 MHz, CD 3COCD3) δ: 5.66 (s, 2H, -NH2),
6.76 (d, J = 8.7 Hz, 2H, Ar-H), 7.22-7.32 (m, 2H, Ar-H), 7.80-7.84 (m, 2H, Ar-H & α-H),
7.97 (d, J = 15.4 Hz, 1H, β-H), 8.00 (d, J = 8.5 Hz, 2H, Ar-H); 13C NMR (75 MHz,
CD3COCD3) δ: 186.5, 159.8 (d, J = 238.7 Hz), 158.3 (d, J = 248.3 Hz), 154.6, 132.8,
132.0, 127.4, 126.6 (d, J = 4.1 Hz), 125.8 (dd, J = 13.9 Hz, 8.6 Hz), 118.8 (dd, J = 25.7
Hz, 10.0 Hz), 118.3 (dd, J = 25.5 Hz, 9.0 Hz), 115.2 (dd, J = 24.8 Hz, 3.5 Hz), 114.1
ppm.
1-(4-Aminophenyl)-3-(2,6-difluorophenyl)prop-2-en-1-one (84)
To a vial equipped with a stir bar and containing ethanol (2.5 mL) was added 2,6difluorobenzaldehyde (270 µL, 2.50 mmol) and stirred at rt for 10 minutes to ensure a
homogeneous solution. At that time, 10% NaOH (1 mL) was added slowly dropwise
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changing the clear solution to a pale-yellow color. At that point, 4-aminoacetophenone
(0.3381 g, 2.50 mmol) dissolved in ethanol (2.5 mL) was added slowly, turning the
solution to a bright-yellow color. The solution was allowed to react overnight and was
filtered by vacuum filtration to afford the product (0.2920 g, 45%) as a yellow solid: mp
120-122ºC (no lit. mp); Rf 0.29 (30:70 EtOAc/Hexane); GC/MS at 100.0% pure (M +
259.1); 1H NMR (300.13 MHz, CDCl3) δ: 6.82 (td, J = 8.7 Hz, 2H), 7.86 (s, 2H), 7.30 (tt,
J = 7.3 Hz, 7.4 Hz, 1H), 6.96 (t, J = 8.6 Hz, 2H), 6.71 (td, J = 8.7 Hz, 2H), 4.29 (s, 2H)
(compound confirmed by NMR comparison). 79
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